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,  11th  line  ~  change  Carstanjon  to  Carstanjen. 

14th  line  -  insert  anotber~Trh"  in  Forchheimer. 

first  line  should  read:  hv  =  velocity  head  =  . 

2g 

4th  line  should  read:  w  =  weight  of  water  per  cubic  foot. 

in  equation  16,  the  third  term  should  be  preceded  by  an 
equation  sign  (=)  instead  of  a  plus  sign  (+). 

In  equation  19,  the  second  term  under  the  radical  sign 
should  be  squared. 

In  equation  21,  the  second  term  under  the  radical  sign 
should  be  contained  within  parenthesis. 

first  line  of  last  paragraph,  Forchheimer  misspelled  twice; 
another  "h"  should  be  inserted. 

In  equation  30,  change  "w"  to  ”W". 

5th  sentence,  the  word  "agin"  should  bo  "again". 

In  equation  31,  change  "w"  to  "W". 

Forchheimer  misspelled  4  times  on  this  page;  another  "h" 
should  be  inserted. 

Forchheimer  misspelled  twice;  another  "h"  should  be  inserted. 


column  8  should  read  Vgd^  . 

Forchheimer  misspelled  in  last  column  of  tabulation;  another 
3fh"  should  be  inserted. 

Forchheimer  misspelled.  3  times;  another  "h"  should  be  inserted. 

In  paragraph  numbered  5,  third  sentence,  typographical  error, 
the  word  "velow"  should  be  "below". 

second  paragraph,  4-th  line,  the  radical  sign  is  missing  for 
gdq ;  this  should  read  VgcU  . 

first  line,  change  "w"  to  "W". 

Equation  33  -  same. 

Equation  54  -•  same. 

3th  line,  change  "w"  to  "W", 


Forchheimer  misspelled  5 

times ; 

another  "h" 

should 

be 

inserted 

Forchheimer  misspelled.  3 

times ; 

another  "h" 

should 

be 

inserted 

paragraph  (b)  under  paragraph  numbered  10,  typographical 
error  -  transposition  in  spoiling  of  word  "channels". 
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CHANNEL  WAVES  SUBJECT  CHIEFLY  TO  MOMENTUM  CONTROL 


Robert  E.  Horton 

INTRODUCTION  -  Problems  involving  the  motion  of  increment  and 
decrement  waves  in  more  or  less  uniform  channels  have  arisen  at 
various  times  in  the  author’s  professional  practice,  notably  in 
connection  with  the  design  of  the  Tonawanda-Lockport  level  of  the 
New  York  State  Barge  Canal  and  in  connection  with  the  proposed 
regulation  of  diversion  from  Lake  Michigan  through  the  Chicago 
Drainage  Canal.  In  order  to  provide  data  for  a  better  solution  of 
such  problems  than  was  otherwise  available,  the  series  of  experiments 
described  below  was  carried  out,  beginning  in  1924,  at  the  author’s 
laboratory.  Grateful  acknowledgment  is  made  to  the  Sanitary  District 
of  Chicago  for  authorizing  the  continuation  of  the  experiments  in 
1925  and  1926  and  defraying  a  large  portion  of  the  cost# 

The  work  was  carried  out  by  the  author  and  members  of  his  staff 
intermittently  as  gaps  in  professional  practice  permitted.  Acknowl¬ 
edgment  is  made  to  H.  R.  Leach,  M.A.S.C.E.  and  Richard  Van  Vliet, 
M.A.3.C.E.,  and  to  George  E.  Cook  and  Edward  M.  Dooley  as  observers, 
and  James  Erwin  as  mechanic.  Van  Vliet,  Cook,  and  Dooley  also  par¬ 
ticipated  in  the  preparation  of  this  paper.  In  particular,  credit 
is  due  Van  Vliet  for  work  in  computing  comparative  velocities  by 
various  formulas  and  in  preparation  of  tables  and  diagrams. 

Instead  of  attempting  to  apply  the  resultant  experiments  empiri¬ 
cally  or  otherwise  to  the  derivation  of  a  wave  velocity  formula,  they 
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have  been  compared  with  the  results  given  by  existing  formulas,  parti¬ 
cularly  those  of  Bazin  and  Darcy,  Leach  and  King,  and  Koch  and  Car- 
stanj  en. 

Because  of  the  complexity  of  the  subject  and  the  difficulty  of 
making  statements  of  results  which  would  be  accurately  intelligible 
without  reading  the  paper,  conclusions  are  reserved  to  bo  given  at 
the  end  of  the  discussion.  It  may  be  mentioned,  however,  that  the 
experiments  indicate  a  gradual  transition  from  waves  subject  to 
momentum  control  to  those  subject  chiefly  to  friction  control  as  the 
wave  length  increases,  and  a  much  more  comprehensive  series  of  experi¬ 
ments  is  needed  than  has  ever  been  carried  out  to  fully  elucidate  the 
subject • 

It.  is  pointed  out  that  the  degree  to  which  channel  waves  are 
subject  to  friction  control  is  apparently  related  to  two  independent 
variables,  the  wave  length  or,  perhaps  better,  the  ratio  of  wave 
length  to  wave  height,  and  the  ratio  of  the  hydraulic  radius  of  the 
channel  to  the  wave  height. 

It  is  hoped  that  this  paper  may  point  the  way  to  a  more  adequate 
study  of  the  whole  subject  of  velocity  of  channel  waves,  a  study  which 
will  avoid  gaps  between  the  different  related  cases  and  will  provide 
connective  tissue  to  correlate  all  types  of  channel  waves  with  the 
independent  variables  by  which  they  are  controlled. 

APPARATUS  -  The  experiments  were  conducted  at  the  author's  labora¬ 
tory  on  Vly  Creek,  near  Voorheesville,  N.  Y.  A  pond,  about  3  acres 
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in  area,  formed  by  the  laboratory  dam*  afforded  an  abundant  supply 
of  water  at  nearly  a  constant  level.  Water  was  conducted  from  the 
pond  to  the  experimental  apparatus  by  means  of  a  short  sluice  with 
an  adjustable  gate.  The  apparatus  comprised  three  essential  parts: 
the  orifice  box,  the  channel  or  f leone,  and  the  recording  gages.  A 
general  plan  of  the  apparatus  is  shown  on  figure  1. 

ORIFICE  BOX  -  The  orifice  box,  constructed  of  pine,  4  feet  in 
height  and  2  feet  square  inside,  is  shown  on  figure  2.  A  spillway 
was  provided  on  the  side  opposite  .the  orifice.  Just  sufficient 
water  was  admitted  through  the  sluice  during  an  experiment  to  main¬ 
tain  a  slight  overflow,  so  that  the  head  on  the  center  of  the  orifice 
was  sensibly  constant.  A  brass  orifice  plate,  1/8  inch  in  thickness, 
contained  a  square-edged  opening  0.1  foot  wide  and  8-l/4  inches  in 
length.  A  sliding  metal  shutter  was  provided  (see  detail)  by  means 
of  which  the  length  of  the  orifice  opening  could  bo  cut  down  to  any 
desired  degree.  The  shutter  plate  could  be  moved  either  by  a  lever 
or  by  a  screw.  Lever  operation  was  used  in  cases  where  an  instan¬ 
taneous  increase  or  decrease  of  flow  was  desired.  The  operating 
lever  slid  along  a  stop-arm  into  which  a  metal  pin  could  be  fitted 
tightly,  through  holes  uniformly  spaced,  thus  providing  a  scries  of 
fixed  openings  which  could  be  exactly  duplicated.  The  lever  was  set 
firmly  against  the  pin  in  the  position  desired  for  initial  flow.  The 
pin  was  then  moved  to  the  position  required  to  make  the  desired 
increment  cr  decrement  of  flow,  and  a  quick  movement  of  the  lever  to 
the  new  position  thus  gave  an  instantaneous  predetermined  increase 
or  decrease  of  discharge. 
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To  obtain  a  gradual  increase  or  decrease  of  discharge,  the 
lever  was  disconnected  and  a  screw  movement  (not  shown  on  drawing) 
was  used  to  operate  the  shutter  plate.  By  giving  the  screw  a  pre¬ 
determined  number  of  turns  in  a  given  time,  the  rate  of  flow  could 
be  changed  the  desired  amount  at  any  desired  rate. 

Before  the  experiments  were  performed,  the  orifice  was  accurately 
calibrated  for  various  heads  and  openings  by  closing  the  lower  end 
of  the  experimental  channel  and  using  the  channel  as  a  tank  to 
measure  the-  outflow  from  the  orifice  for  a  given  time.  It  was  found 
that  the  discharge  coefficient  of  the  orifice  was  not  constant  but 
decreased  slowly  as  th>^  opening  decreased,  as  illustrated  by  the 
following  experiments  made  September  13,  1924: 


Length  of  opening  -  fcc-t: 

0.105 

0.200 

0.305 

0.406 

Mean  head  -  feet: 

2.224 

2.240 

2.215 

2,200 

Coefficient: 

0.619 

0,610 

0.6075 

0,590 

A  slight  change  was  made  in  the 

orifice 

in  1926, 

This 

affected 

the  coefficient  and  a  new  calibration  curve  was  obtained  and  used 
in  experiments  subsequent  to  that  date, 

EXPERIMENT  CHANNEL  -  The  channel  or  experimental  flume,  130 
feet  in  length  ovcra.il,  rested  on  a  level  table  consisting  of  3  x  10- 
inch  Oregon  fir  plank,  supported  by  24-inch  square  concrete  piers, 
spaced  at  10-foot  centers  (fig,  1.) 

The  channel  (see  section)  had  a.  l-l/4  X  5-5/8-  inch  clear  white 
pine  bottom  plank,  with  7/8  X  8-7/8-inch  (inside  measurement) 
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vertical  sides.  Vihen  in  use,  either  level  or  at  a  given  grade,  the 
grade  was  accurately  fixed  by  moans  of  a  Y-lcvol,  and  suitable  grades 
were  obtained  by  placing  movable  blocks  on  the  table  underneath  the 
channel,  the  thicknesses  of  the  blocks  decreasing  proceeding  down¬ 
stream.  The  side  and  bottom  joints  of  the  channel  were  staggered 
and  great  care  was  taken  to  obtain  smooth  joints.  Even  then  it  was 
found  that  slight  roughnesses,  particularly  at  the  joints,  tended  to 
throw  off  reflected  waves.  These  were  usually  small  in  height  relative 
to  the  traveling  wave  and  did  not  greatly  interfere  vri_th  obtaining 
accurate  profiles  of  the  latter. 

The  channel  bottom  as  originally  constructed  was  practically 
5-5/8  inches  or  0.473  foot  in  width.  There  were,  however,  slight 
variations  in  width,  as  shown  by  micrometer  width  measurements. 

Also,  the  width  varied  slightly  according  to  the  condition  of  the 
channel  when  an  experiment  was  being  performed*.  The  bottom  wi dth 
was  sensibly  constant.  The  side  boards  tended  to  warp  outward  when 
dry,  increasing  the  width  slightly,  proceeding  up  from  the  bottom. 
Micrometer  measurements  of  width  at  bottom  and  at  5  inches  o.bove 
bottom  were  made  at  various  times.  The  results  of  such  a  series  of 
measurements,  at  5-foot  longitudinal  intervals,  made  November  10, 

1926,  is  shown  by  the  following  figures. 
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Table  1.  -  Channel  -widths 


Station 

Number  of 
points 

Average  wic 

Bottom 

1th  -  inches 

5  inches  depth 

(1) 

"m  ‘ 

(3) 

(4) 

0-10 

3 

5.63 

5.80 

15  -  35 

5 

5.65 

5 . 68 

40  -  60 

5 

5.66 

5.73 

65  -  85 

5 

5.66 

5.72 

90  -  100 

3 

5.70 

5.75 

"While  there  was  a  tendency  for  the  width  to  slightly  exceed  5-5/8 
inches ,  the  difference  was  within  the  limit  of  the  errors  of  ob¬ 
servations,  and  to  simplify  the  computations  and  avoid  the  necessity, 
which  would  otherwise  have  arisen,  of  making  a  separate  channel  flow 
calibration  for  each  experiment,  the  experimental  data  have  all  boon 
computed  on  the  basis  of  a  channel  width  of  5-5/6  inches. 

Variation  in  channel  width  docs  not  affect  wave  velocities, 
which  were  directly  measured.  It  docs  affect  slightly  the  velocities 
v^  and  Vg,  which  wore  used  in  calculating  wave  velocities  for  com¬ 
parison  with  those  observed.  The  error  in  the  calculated  velocities 
is  negligible  but  tends  to  make  the  calculated  velocities  slightly 
too  small. 

GAGES  -  Five  gagos  were  placed  along  the  channel,  spaced  25  feet 
apart.  The  orifice  discharged  into  the  channel  12  feet  upstream 
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from  Gage  1,  and  in  this  12-foot  length  one  or  more  rolls  of  coarse 
mesh  wire  screen  were  placed.  These  were  intended  to  produce  approxi¬ 
mately  a  normal  velocity  distribution  in  the  channel  section,  with 
a  minimum  impedence  of  flow.  The  15  feet  of  channel  downstream  from 
the  lower  gage  (Gage  5)  was  unused  excepting  to  eliminate  the  drop¬ 
down  curve  in  open-end  experiments.  For  e xperiment s  on  a  level 
channel,  barriers  of  different  heights  were  placed  in  the  downstream 
end. 

In  order  to  obtain  precisely  simultaneous  records  of  water 
levels  in  the  channel  at  all  five  gages,  a  7/8  x  l-l/4-inch  pine 
draw-bar  was  run  along  outside  the  channel  on  one  si  do  and  flush 
with  the  bottom.  This  was  permitted  to  slide  easily  over  supports 
attached  to  the  bottom  of  the  channel.  At  each  gage  a  vertical 
"Beaverboard"  gage-board  was  mounted  on  this  draw-bar  and  held 
vertically  against  the-  outside  wall  of  the  channel  by  loose  clips, 
so  that  it  could  slide  freely.  Suitable  record  sheets  were  mounted 
at  the  gage-boards  with  thumbtacks  (fig.  3). 

Between  Gages  4  and  5  a  heavy  lead  pendulum  with  knife  edge 
supports  was  contained  in  a  sturdy  wooden  frame.  The  pendulum  made 
one  complete  cycle  in  about  2.3  seconds  and  was  actuated  by  hand 
during  the  experiments.  Tho  pawl  at  the  top  of  the  pendulum-bar 
engaged  the  teeth  of  a  ratchet  wheel,  so  designed  as  to  pull  the 
draw- bar  forward  a  fixed  amount  at  uniform  intervals  of  about  2.3 
seconds,  by  means  of  a  chain  wound  around  the  shaft  of  the  ratchet 
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wheel  *  The  fluctuations  of  water  level  in  the  channel  were  trans¬ 
ferred  to  the  record  sheet  at  each  gage  by  a  cross-bar  having  two 
arms  (fig.  3).  The  ends  of  the  metal  cross-bar  rested  on  knife  edge 
supports  on  the  sidewalls  of  the  channel.  One  arm,  mid-width  of  the 
channel,  had  a  float  or  "skip"  on  its  end,  intended  to  rise  and  fo.ll 
simultaneously  with  the  water.  At  the  outset  a  light  balsa  wood 
float  was  used.  In  spite  of  its  lightness,  its  inertia  prevented  it 
from  following  closely  the  abrupt  changes  of  water  level,  and  a  thin 
curved  metal  skip  was  substituted  (fig. 3).  This  at  all  times  floated 
on  the  water  surface,  with  the  lower  edge  slightly  submerged,  and  a 
correction  was  made  for  submergence  by  means  of  careful,  direct 
measurements  from  bench  marks  established  at  each  gage.  The  motion 
of  the  skip  was  transferred  through  the  cross-bar  to  the  outer  arm, 
which  bore  on  its  end  a  pen  of  the  typo  used  in  "Friez"  recording 
instruments.  The  radius  of  the  outer  arm,  from  knife  edge  to  pen 
point,  was  16  inches.  Thus  as  the  water  rose  and  fell  in  the  channel, 
the  pen  marked  an  arc  of  o.  circle  of  IS  inches  radius  on  the  record 
sheet.  Meanwhile  the  record  shoot  moved  forward  by  abrupt  increments, 
at  uniform  time  intervals.  In  this  way  a  stepped  hydrograph  of  the 
flood  'wave  was  obtained  at  each  gag  simultaneously.  By  this  method 
the  original  graph  for  a  given  gage  shows  cross-marks  corresponding 
to  the  fluctuation  of  water  during  the  interval  between  successive 
advance  of  the  draw-bar  and  the  times  arc  identical  on  all  the  five 
gage  graphs  for  o.  given  experiment.  The  position  of  the  pen  on  the 
sheet  was  noted  at  frequent  intervals  at  each  gage  at  recorded  times. 
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and  from  these  data  and  the  time  marks  on  the  sheets  *  the  graph 
could  be  reproduced  with  reference  to  simultaneous  times  for  the 
different  gages  with  great  accuracy.  Y/hen  an  experiment  was  com¬ 
pleted,  another  was  started  without  stopping  the  pendulum.  By 
changing  the  position  of  the  pen  on  the  record  sheet,  grams  of 
six  experiments  could  be  obtained  for  a  given  gage  on  a  single  sheet. 
Figure  4  is  a  sample  reproduced  from  an  original  gage  shoot. 

The  graphs  for  the  different  gages,  for  each  experiment,  were 
later  rcplottcd  as  smooth  curves  on  rectangular  cross-section  paper. 

CALIBRATION  OF  CHANNEL  -  For  the  purpose  of  analysis  and  com¬ 
parison  of  the  results,  it  was  necessary  to  know  the  stage-discharge 
relations  for  the  channel  with  different  rates  of  inflow  from  the 

orifice  box.  For  each  series  of  experiments  the  channel  was  call- 

* 

bratc-d  by  running  a  series  of  different  quantities  of  uniform  flow 
through  it,  as  determined  by  the  opening  of  the  orifice,  and  measur¬ 
ing  the  corresponding  water  levels  at  the  five  gages.  A  calibration 
by  this  method  was  made  for  each  slope  of  the  channel  and,  in  case 
of  a  level  channel,  for  each  series  of  experiments  with  a  different 
height  of  end  weir  to  control  the  drop-down  curve  at  the  downstream 
end  of  the  channel.  In  addition,  before  each  experiment,  a  constant 
volume  of  water  \vas  allowed  to  flow  through  the  channel  for  a  time 
to  establish  uniform  flow  corresponding  to  the  initial  depth  used  in 
the  experiment.  Gage  readings  taken  in  this  connection,  together 
with  the  corresponding  discharges,  furnish  an  additional  set  of  data 
for  calibration  of  the  channel  with  different  volumes  of  flow. 
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Figs.  5  and  6  shew  the  stage-discharge  relations  of  the  channel 
for  the  different  slopes  and  conditions  corresponding  to  different 
series  of  experiments.  From  the  stage-discharge  curves,,  stage- 
velocity  curves  were  obtained  by  dividing  the  discharge  for  a  given 
stage  by  the  cross-section  area  of  the  channel.  In  those  computa¬ 
tions  a  constant  channel  width  of  5-5/8  inches  was  assumed.  Figures 
7  and  8  show  the  resulting  stage-velocity  relation  curves.  Those 
give  the  mean  velocity  in  the  channel  corresponding  to  the  average 
of  the  stages  at  gages  1  to  5,  inclusive.  The  discharges  and  velo¬ 
cities  corresponding  to  stable  flow  with  different  depths  in  the 
channel,  as  given  in  the  tables  of  results  of  the  experiments,  were 
derived  from  these  two  series  of  diagrams.  Values  of  the  coefficient 
of  roughness  n  were  obtained  from  these  discharge  curves  for  various 
stages,  as  shown  by  tabic  2.  The  values  of  n  range  from  about  0.010 
to  0.014  and  decrease  as  the  depth  of  flow  increases,  indicating 
greater  roughness  of  the  bottom  than  sides  of  the  channel.  The 
values  of  n  .also  indicate  that  the  flow  was  turbulent  even  with 
depths  less  than  0.01  foot,  "here  a  level  channel  was  used,  with  a 
weir  in  the-  lower  end,  this  did  not  wholly  correct  (or  else  over- 
corrected)  for  the  effect  of  the  drop-down  curve,  and  values  of  n 


were  not  determined 


KJ  V  ,  y'  ww^ 

Discharge  in  Second  -feet. 

FIG.  5  -RELATION  BETWEEN  DEPTH  AND  DISCHARGE  FOR  EXPERIMENTS  WITH  LEVEL  FLUME 


O  0  40  0.80  1.20  l.feO  O  0.40  0.80  1.20 

Velocity  in  Feet  per  Second 

FIG. T -RELATION  BETWEEN  DEPTH  AND  VELOCITY  FOR  EXPERIMENTS  WITH  LEVEL  FLUME 
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Tabic  2  -  Values  of  n  in  Hanning’s  formula,  n 


1.486  __  2/3 

— v - A/s  d, 


for  experiments  without  end  weir. 


Series 

v  =  0.40  f .p.s  . 

v  =  0.80  f .p.s , 

v  =  1.20 

f .p.s . 

s 

V  s 

d, 

feet 

n 

d, 

feet 

n 

d, 

feet 

n 

U) 

(2) 

(3) 

T4) 

(5) 

(6) 

(7) 

(8) 

(9) 

B 

.00736 

.08579 

.00333 

.013 

.01999 

.0078 

.04166 

.0128 

B« 

.0079 

.08838 

.00916 

.0143 

.02249 

.0132 

.04332 

.0138 

C 

.00392 

.06265 

.01166 

.0119 

.03540 

.0125 

.07467 

.0140 

D 

.00102 

.03182 

.02366 

.0106 

.06831 

•  0101 

•13411 

.0105 

E 

.00186 

.04317 

.01833 

.0115  .04665 

.0106 

L 

.08996 

L_ 

.0108 

NOT ATI OH  -  In  the  discussion  of  the  results  of  those  experiments 


the  following  notation  is  used,  guantities  arc  in  foot-second  units 
excepting  that  in  the  tables  of  experiments  the  depths  in  the  channel 
arc  given  as  they  were  measured  -  in  inches.  Directions  and  velocities 
are  positive  in  the  direction  of  the  initial  flow* 
d^,  V1  ~  initial  depth  and  velocity. 

dp,  v2  =  depth  and  velocity  after  the  wave  has  passed. 

dc  =  depth  at  crest  of  wave, 

d,  =  death  at  heel  of  wave, 
h 

dlx  =  depth  at  cope  of  wave. 

d_j_,  v,  =  depth  and  velocity  at  bottom  of  a  trough  wave. 

Aq  =  increments  of  stage  and  discharge, 
h  =  stream  stage  with  steady  regimen. 
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h  =  velocity  head  =  v2 
v  t — 

2S 

H  =  head  or  depth  on  a  weir  or  orifice,, 

1  =  length  of  back  face  of  a  Yrave . 

1  _  =  length  of  crest  portion  of  a  wave. 

1^  =  length  of  face  or  front  of  a  wave, 

1  =  total  length  of  wave, 

L,  Lp  Lg,  etc.  =  lengths  of  stream  reaches,  etc. 
m  =  exponent  in  stage-discharge  relation  formula. 

M  =  momentum. 

n  =  Manning’s  coefficient  of  roughness. 

P  =  wetted  perimontcr  of  a  cross-section. 

q  =  discharge  past  a  given  section  per  unit  width  of  channel. 

Q  =  discharge  past  a  given  section. 

Rq  ,  R-^ ,  Rg ,  etc.  =  hydraulic  radii  of  cross-section. 

Sc  =  slope  of  stream  channel. 

Sg,  S-^  =  slope  of  front  and  of  back  faces  of  a  wave, 
u  =  velocity  of  travel  of  the  front  or  face  of  a  v/avo. 
u’  =  velocity  of  travel  of  rear  face  of  a  two-faced  wave. 
uQ  =  velocity  of  crest  of  wave, 
u  =  maximum  velocity  of  wave. 

O 

U]a  =  velocity  of  heel  of  wave. 
u^_  =  velocity  of  toe  of  wave, 

v  =  mean  velocity,  by  Manning  formula,  for  neutral  flow  at  any  given 


depth  and  slope 
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V  =  total  volume  of  a  wave, 

Y  =  Belanger’s  critical  velocity. 

v?,  rrQ,  1Y^,  lYg,  etc.  =  width  of  water  surface. 

W  =  weight  of  water  per  cubic  foot 
x  _  distance  measured  horizontally, 

EQUATIONS  OF  COMPARISON  -  The  Results  of  the  author's  experi¬ 
ments  have  been  compared  with  the  equations  of  Bazin  and  Darcy, 

Leach  and  King,  and  Koch  and  Carstanjen,  as  given  on  table  5. 

Bazin  end  Darcy  -  Bazin  and  Darcy1  did  not  attempt  to  derive 
an  equation  from  their  experiments  but  assumed  that  for  waves  travel¬ 
ing  in  the  same  direction  as  the  initial  current,  as  in  the  author’s 
experiments,  the  wave  velocity  would  be  nearly  the  sum  of  the  initial 
velocity  v^  and  the  velocity  for  a.  wave  in  still  water,  e/gd0  #  They 
found  empirically  that  the  computed  velocity  in  general  agreed  well 
with  the  observed  velocities  in  their  experiments  if,  instead  of 
adding  or  subtracting  v  in  ease  of  waves  traveling  downstream  and 
upstream,  respectively,  they  added  the  fraction  3/5v^  for  waves 
traveling  downstream,  and  subtracted  2/5v^  for  waves  traveling  up¬ 
stream.  In  many  of  their  experiments  the  wave  broke  or  formed  a 
whitccap,  and  there  is  some  question  whether  Bazin  and  Darcy  did  not 
intend  the  correction  factor,  as  last  described,  to  bo  applied  only 
in  cases  of  waves  with  breaking  crests.  In  the  tables  giving  the 

results  ef  their  own  experiments  they  invariably  use  the  full  value 

_ 

Bazin  (and  Darcy).  Experimental  researches  on  the  propagation  of 
waves  (Fr.).  Mem.  Sav.  Ac.  Sc.  Inst.  Imper.  de  France,  XIX,  pp. 
495-652;  Paris,  1865. 


■ 


. 
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of  in  calculating  the  wave  velocity. 

It  is  not  entirely  clear  whether  Bazin  and  Darcy  intended  that 
the  velocity  which  they  designate  u,  which  is  to  be  added  to  'Vgd” 
to  obtain  the  wave  velocity,  should  be  the  initial  velocity  of  the 
current  or  the  velocity  of  the  current  after  the  wave  has  passed, 
i.e.,  whether  it  should  be  v^  or  v  .  They  describe  it  merely  as  the 
"mean  velocity  of  the  current."  The  tables  of  their  results  give 
neither  the  value  of  v^  nor  of  Vg  and  it  is  difficult  to  determine 
precisely  how  their  calculated  velocities  were  obtained. 

There  are  reasons  for  assuming  that  it  was  the  initial  velocity 
of  the  current  before  the  wave  passed  which  they  intended  should  be 
used.  Ono  reason  is  that  a.  comparison  of  the  wave  velocities  cal¬ 
culated  on  this  basis  with  the  observed  velocities  shows  much  better 
agreement  than  if  the  calculated  velocities  are  obtained  by  the  use 

of  V 


In  the  author’s  experiments  the  wave  did  not  break  or  form 
white-caps.  In  order  to  determine  which  of  the  two  equations  of 


Bazin  and  Darcy,  u  =  Vsd2  +  fy  or  u  =  yS2’  +  T  bcttor  appU 


es 


to  the  author’s  experiments,  a  comparison  was  made  between  the  aver¬ 
ages  of  the  results  for  ca.ch  group  of  experiments  and  the  velocities 
determined  by  ee.ch  of  these  two  formulas,  as  shown  by  table  3.  Column 
(4)  of  this  table  shows  that  for  all  but  triangular  'waves,  the  equa¬ 
tion  u  =  -yVdg  +  gives  results  below,  and  sometimes  much  below. 


the  observed  velocities.  The  equation  u  = ygd  +  v  not  only  gives 

Lj  \ 
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better  agreement  with  the  author’s  experiments  for  individual  groups 
or  types  of  wave  but  gives  results  slightly  higher  than  the  observed 
wave  velocities  in  three  groups,  and  results  slightly  below  in  three 
groups,  with  an  average  for  all  the  experiments  nearly  the  same  as 
the  observed  velocities. 


Table  3.  Comparison  Between  Observed  Velocities  and  Velocities 

Computed  by  Bazin-Darcy  Formulas  (A)  u  =  a/gd  +  £v  3 

2  5  1 


(B)  u  =  ygdl  + 


Vi 


Basin  -  Darcy 

Type 

Observed 

ygrt2  +  |T1 

V&2 

+  V1 

u 

u 

Rati  o 
Col. 3 

u 

Rati  o 
Col .  5 

- 

Col. 2 

Col.  2 

(D 

(2) 

(3) 

(4) 

(5) 

(6) 

Instantaneous  Increase 

4.69(a) 

4.13 

0.880 

4.79 

1.021 

Instantaneous  Decrease 

5.13(b) 

3.91 

0.762 

4.63 

0.903 

Gradual  Increase 

4.18(a) 

4.11 

0.983 

4.47 

1.069 

Gradual  Decrease 

4.52(b) 

3.96 

0.876 

4.48 

0.993 

Triangular-Stablo  depth 

4.11(a) 

4.24 

1.032 

4.57 

1.110 

-Crest  depth 

» 

4.13 

1.005 

4.43 

1.078 

Rectangular 

4.34(b) 

3.65 

0.841 

4.02 

0.925 

(a)  Velocity  of  t oe  of  wave, 

(b)  Velocity  of  crest  of  wave* 
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In  the  tables  subsequently  given,  containing  the  results  of  the 

author's  individual  experiments,  velocities  had  been  calculated  by 

the  first  of  the  two  above  equations,  i.e.,  adding  -yvq  to  d/gd^ 

before  it  was  discovered  that  that  was  not  the  correct  formula* 

A  column  was  therefore  added  to  the  tables  giving  also  the  velocities 

calculated  by  the  equation  u  ^'y'gd^  +  vq. 

Leach  and  King  -  An  equation  for  velocity  of  an  abrupt  wave 

subject  to  momentum  control  was  published  by  Horace  if.  King  in 

2 

"Civil  Engineering"  Juno  1933  and  its  derivation  given.  The  same 
equation  and  its  derivation  was  also  given  in  a  signed  memorandum 
submitted  to  the  author  by  H.  R.  Leach,  dated  January  5,  1927. 
Accordingly  this  wave  formula  has  been  designated  as  the  Leach-King 
equation.  Mr.  Loach's  derivation  is  as  follows: 

Referring  to  figure  9,  assume  wave  moves  from  a  to  b  in  1  second, 


‘1 

<- - 


u 


.i 

Ad 


Vr 


Fig.  9  -  Decrement  wave  moving  downstream, 


Force  =  change  of  momentum  per  second  =  mass  (v  -  v_) 


King,  H.  Wo  Trans latory  waves  in  open  channels.  Civil  Engineering, 
vol.  3,  no.  6,  pp.  319-321,  June  1933. 
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The  mass  acted  on  in  1  second  equals; 

'd  u  -  d  v  \  £ 

2  A'  =  w  _£( u  -  v2) 


mass 


0 

=  w\_ 


w 


g 


'dlu  -  dl  i)  dx. 

s - ■W?i(u-Ti)- 


(1) 


(2) 


The  force  acting  horizontally  on  the  mass  is  the  difference  between 
the  two  horizontal  end  pressures; 


d?  -  d2  d 
1  2  _  i 

2  g  * 


-  vx)  (vx  -  v2) 


Inf  lev/  --  Outflow  =  Change  in  volume; 


(3) 


v  d  -  v  d  =  uAd  =  u(d  -d.  ' 


2  2  11 


2  1- 


U(d2  "dl^  +  Vldl 


(4) 

(5) 


v  d  -  u(d  -  d  ) 

2  2  2  r 


(6) 


Substituting  equation  (5)  in  equation  (3), 


2  2 

dl  -  d2  _  CL 


.("  -  v  ) 


u(d2  -  dx)  +  vxdx 


(7) 


v,  d9  -  ud9  +  ud,  -  v,  d. 
l_(u  -  v  )  (  1  2 _ L _ 1  1  1 ) 


g 


=  _1 
gd. 


r 


(u  “  M )  u  (d1  -  d2)  -  v1(d1  -  d2) 


dl  +  d2  =  dx  /  n2 


gd2 


(u  -  v-,  )‘ 


2 


(8) 
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u 


(10) 


If  equation  (6)  instead  of  equation  (5)  is  substituted,  the  deriva¬ 


tion  rives  the  alternative  equation 


u 


(11) 


The  plus  and  minus  sign  is  given  in  equations  (10)  and  (11)  for  the 


reason  that,  by  a  similar  process,  the  same  equation  is  obtained 
for  a  nave  traveling  upstream  as  for  one  traveling  dor/ns  bream,  but, 
in  the  latter  case,  the  term  under  the  radical  is  to  be  subtracted 
from  the  channel  velocity. 


Koch  and  Carstanjen  -  In  1926  Koch  and  Carstanjen  published 


a  discussion  of  waves  subject  to  momentum  control,  i.e.,  neglecting 
energy  losses.  The  derivation  of  their  equation  for  an  increment 
wave  traveling  upstream  follows  the  general  lines  given  below# 
Velocities  arc  considered  positive  in  the  direction  of  initial  flow. 

The  following  derivation  is  for  the  case  of  an  increment  wave 
traveling  upstream.  Referring  tc  figure  9,  the  quantity  of  water 
Q  flows  through  an  open  channel  of  unit  width  and  depth  d-^  with  a 
mean  velocity  v^. 


(12) 


3 


Koch  a 
( Gc  r . ) 


and  Carstanjen. 
),  Sec.  VII,  pp 


Movement  of  waters  and  the  accompanying  forces 
132-145;  Julius  Springer,  1926. 
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Through  the  sudden  introduction  of  an  obstruction,  as  by  the  partial 
closing  of  a  gate,  the  discharge  is  reduced  from  Qq  to  Qg,  The  velo¬ 
city  of  approach  is  reduced  from  v-q  to  vg  „  a  wave  Ad  starts  upstream. 
The  wave  Ad  travels  upstream  as  an  increment  of  the  depth,  with  a 
velocity  u.  Upstream  from  the  rise  or  increment  wave,  the  discharge 
still  remains  equal  to  the  original  Qq,  with  its  velocity  v]  un¬ 
changed,  but  between  the  obstruction  or  gate  and  the  increment  wave 
the  discharge  is  Q9  and  the  velocity  is  reduced  to  v  . 

Consider  the  wave  traveling  upstream.  For  determination  of  u 
and  Ad  it  is  necessary  to  transform  the  moving  increment  wave  into 
a  standing  wave  by  adding  to  all  velocities  the-  velocity  -u,  which 
equals  but  is  opposite  in  direction  to  the  velocity  u  of  the  incre¬ 
ment  -wave.  The  velocity  of  the  wave  itself  will  then  bo  zero  and 
the  problem  can  be  viewed  as  representing  a  standing  wave,  in  passing 
through  which  the  stream  depth  changes  from  d  to  (dn  +  Ad)  =  d9. 

It  may  be  assumed  that  for  the  small  rise.  Ad,  there  is  no  appreciable 
energy  lost  and  that  there  is  a  smooth  transition  of  depth  from  dq 
to  dg.  Neglecting  the  small  energy  loss,  the  rise.  Ad,  can  be  deter¬ 
mined  from  the  laws  of  momentum  and  energy.  From  t  he  equation  of 


energy  there  follows: 


(v  +  u) 

+  I 


=  dr 


2g 


+  (V2  +  U)' 
2g 


(13) 


Since  the  mass  per  unit  length  is  proportional  to  the  depth,  the 
equation  of  continuity  gives 


A  V“1 


+  u)  =  (d-,  +  Ad)  (vp  +  u) 


(14) 
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or 

Ad  =  _li _ '£  d  #  (15) 

v2  +  u  1 

The  energy  equation  com  be  written: 

(vj  +  u)2  -  (v2  +  u)^  +  2g  (dg  -  d-j^)  =  2gAd.  (16) 

Substituting  the  value  of  Ad  (cq,  4)  and  simplifying, 

(V1  '  v2  )  (V1  +  7 2  +  2u)  =  2S  v2  +  u  dl  (17) 

or 

2u  +  u  ^'Ti  +  5v2  '  =  2Sdl  ”  ^V1  +  v2  ^  v 2  *  (16) 


Completing  and  solving  the  quadratic. 


small  relative  to  gd  so  that. 

with  sufficient  accuracy. 

v.  +  3v 

Vsdr 

u  =  -  1  2  + 

4 

(20) 

Similarly,  Koch  and  Carstanjen  obtained  for  a  decrement  wave 
traveling  downstream. 


u 


V1  +  3v2 


or,  a  pp  r  oxime. t  c  1  y , 


(21) 


(22) 
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For  the  ease  of  an  increment  wave  which  has  traveled  up  through 
a  channel  to  a  large  pond  or  reservoir  and  then  returns  as  an  incre¬ 
ment  wave  traveling  downstream,  Koch  and  Carstanjen’s  analysis  leads 
to  the  equation 

/  -  d  \  __ _ 

(23) 


d  -  d  \ 

U  =  V.  +  (1  -  - V^T  ' 


1 


1 


and  for  a  decrement  wave  traveling  upstream. 


u  =  -vx  + 


(24) 


1  + 


d. 


It  will  be  seen  that  Koch  and  Carstanjen  obtained  an  equation  in 
general  form  applying  to  an  increment  wave  traveling  upstream,  or  a 
decrement  wave  traveling  downstream,  but  obtained  two  quite  different 
equations  for  increment  waves  troweling  downstream,  or  decrement 
waves  traveling  upstream.  A  comparison  was  made  between  the  Koch 
and  Carstanjen  formula 


v  +  3v  , — 

±  _i _ L.  1  Vsd- 


:25) 


and  the  special  formula  (23),  above  given,  for  an  increment  wave 
traveling  downstream,  as  applied  to  the  author's  experiments  on 
increment  waves  traveling  downstream.  The  results  of  this  comparison 
aro  shown  on  table  4.  It  will  be  seen  that  the  agreement  of  equation 

(22)  with  the  experiments  is  better  than  that  of  the  special  equation 

(23)  given  by  Koch  and  Carstanjen  for  this  case.  Consequently  equa¬ 
tion  (22)  has  been  assumed  to  be  general  in  its  application  and  has 
been  used  for  the  purpose  of  comparison  with  the  author's  experiments 


in  all  cases 
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Table  4  -  Comparison  Between  Observed  Velocities  and  Velocities 
Computed  by  Koch-Carstanjen  Formulas  for  Increment 
Waves  Traveling  Downstream. 


Group 

We  . 
of 

Expts . 
in 

Group 

!  ! 

Value  of  u 
py  Formula  (23) 

I 

Value  of  u 

[By  Formula  (22) 

i 

i  i 

l 

l 

Observed  u 

1 

(1) 

(2) 

(3) 

(4) 

(5) 

{„)  i 

Series 

A-4  inch  end  weir 

2 

4.02 

4 . 38 

4.20 

Series 

A- 3  inch  end  weir 

4 

4 . 22 

4.56 

4.45 

Series 

A-l V  inch  end  weir 

4 

3.85 

4.26 

4.01 

Series 

D-l-^r  inch  end  weir 

2 

3 .  SO 

3.96 

3.23 

Series 

D-  Open  end 

3 

4.25 

4.52 

4.44 

Series 

5-  Open  end 

3 

4.15 

4.38 

4.50 

Series 

C-  Open  end 

5 

4.40 

i  .75 

4.63 

Series 

3-  Open  end 

9 

4.85 

5.33 

5.58 

Suries 

3 ' -  Open  end 

2 

3.98 

4.49 

4.95 

Avorag 

e 

_ 

4 .32 

_ 

4.69 

4.69 

(:. )  Velocity  of  toe. 
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It  may  be  noted  that  the  Leach-King  and  Koch-Carstanj en  formulas 
are  derived  from  the  same  assumptions  or  premises,  namely,  neglect 
of  friction  and  a  consideration  of  the  energy  equation  and  the 
momentum  equation  or  the  equation  of  continuity,  yet  the  resulting 
formulas  are  quite  different  in  form  and  not  readily  reducible  to 


identity* 

SUMMARY  OF  FORMULAS  -  Table  5  contains  a.  summary  of  formulas 
used  in  comparing  the  results  of  the  author’s  experiments  with  the 
calculated  velocities  for  different  typos  of  waves.  Inasmuch  as  only 
waves  traveling  in  the  same  sense  as  the  initial  current  were  included 
in  these  experiments,  the  equations  for  waves  traveling  upstream  have 
not  been  applied  but  are  given  for  the  sake  of  completeness# 

RESULTS  OF  EXPERIMENTS  -  The  results  of  the  author’s  experiments 
for  different  types  of  waves,  together  with  the  velocities  computed 
by  the  use  of  the  formulas  given  on  table  5,  arc  shown  ontablcs  6 
to  11  inclusive.  These  results  relate  to  experiments  on  waves  in 
moving  water.  Other  experiments  on  waves  in  still  water  arc  given 
in  subsequent  tables. 

It  should  be  noted  that  the  velocities  v^  and  v  ,  given  in 
column  headin'  s  of  Tables  6  to  11  inclusive,  are  those  corresponding 
to  stable  uniform  flow  and  have  been  obtained  from  the  diagrams  for 
velocities  corresponding  to  the  given  depths  and  discharge  rates 
(figs.  7  and  8). 

In  case  of  most  tyres  of  waves  it  was  found  that  cither  the  toe 
or  the  crest  was  sharply  defined,  but  not  both.  Accordingly  in  giving 


<a)  Eor  waves  with  hreaking  areal 


TABLE.  G-qtCHAKINEL  WAVE  EXPERIMENTS -INSTANTANEOUS  INCREASE  IN  DISCHARGE 


Initial  Condition 

Ultimate  Stable  Condition 

Initial 

Obs-rvec 

Slope 

Depth 

rise 

Velocity 

Iqd; 

Bazin- 

Leach- 

Koch- 

Bazin- 

Expt 

of 

Depth 

Discbaiy 

Velocity 

Qt-Q, 

Depth 

Pischag. 

V/elocif  y 

af 

in 

of 

Vqd, 

-farcy 

-Kinq 

-Cbr'tjcn 

-farcy 

No. 

Flume 

d, 

Q, 

V 

d2 

Qi 

Vt 

Cope 

sfaqe 

Toe 

u. 

LL 

U. 

XL 

Sc 

dK 

d,-dK 

formula  A 

Formula  B 

Inches 

c.f  s. 

f  ps. 

c.fs. 

Inches 

c.fs. 

fps 

Inches 

Inches 

f-p-s. 

f  p.s. 

fps. 

f  p.S. 

fps 

10 

w 

O) 

w 

IS) 

(C) 

C 7) 

i& 

(W 

(O) 

OU 

ClZ) 

(I3J 

(W) 

(ISj 

06) 

ov 

(IB) 

SERI 

ES  A 

-  4  INC 

:h  en 

D  WE 

IR 

(a) 

taj 

(C) 

(C) 

(C) 

(6) 

16 

level 

4.44 

0.074 

0.426 

0.066 

5. 38 

0.140 

lb) 

0.67 

4.06 

0.38 

394 

3.46 

3.00 

4.05 

4.42 

4.01 

4  23 

17 

5.38 

.140 

.666 

.030 

6.18 

.238 

 ,90 

5.03 

.45 

4,47 

3.80 

4.00 

44© 

431 

470 

4.15 

Ave 

*aqe 

4.91 

0.540 

5.78 

0.02 

4.ZO 

3.63 

3.34 

4.26 

4  66 

4.38 

4.49 

SERIES  A 

3  INCH  EN 

0  WEI 

R 

16 

level 

4.8S 

0.07S 

0396 

0.070 

5.71 

0.145 

0.64 

5.32 

0.47 

3.06 

3.61 

3. 92 

4.16 

4.50 

4.19 

432 

19 

5.69 

.145 

.65  1 

.057 

6.33 

.202 

.61 

3.97 

.28 

4.54 

3.9  1 

4.13 

4-52 

430 

4.60 

4  70 

20 

* 

6.30 

.202 

.820 

.049 

6.02 

251 

•93 

6.53 

.23 

5.16 

412 

4.ZS 

477 

5.19 

5.02 

S.  IO 

2S 

* 

488 

.075 

.393 

.136 

6.43 

21  1 

.03  . 

5.54 

.66 

4-24 

362 

4. 16 

440 

487 

4-10 

4  55 

Average 

5.43 

0.565 

6.32 

0.80 

4-45 

3.02 

4.IZ. 

4.46 

4.86 

4.50 

4.69 

SERIES  4 

-  17.  INCH  E 

ND 

/EUR 

S5 

level 

3.43 

0.074- 

0.552 

0.060 

4.22 

O.  142 

0.06 

3.74 

0.31 

3.34- 

3.03 

3.37 

3.70 

4.11 

3.01 

3.92 

50. 

4.25 

.  I4Z 

.854 

.070 

5.00 

.212 

1.09 

4.62 

37 

4.26 

3.38 

3.67 

4. 1© 

4.68 

4.41 

4.52 

57 

* 

5.0Z 

.212 

1.060 

.055 

5.52 

.267 

1.24 

5.30 

28 

475 

3.67 

3.85 

450 

5.03 

4.87 

4.93 

62 

* 

3.  36 

.074- 

.560 

.134 

495 

208 

1.08 

4.00 

62 

370 

3.01 

3.65 

3.99 

4.60 

3.96 

4.21 

Average 

4.02 

0.762 

432 

1.07 

4.01 

3.27 

3.S4 

409 

4.60 

4ze 

4.40 

SERIES  E 

-  1.0  INCH  END  WEIR 

163 

0.00102. 

2.01 

0-064 

0.014- 

0.066 

3.0  1 

0.130 

1.  13 

2.53 

0-52 

3.48 

2.32 

2.85 

3.34 

3.99 

3.37 

366 

165 

3.7  5 

.131 

1.300 

.054 

4.42 

245 

1-41 

— 

~ 

299 

3.(7 

3.45* 

4.23 

4.91 

4.55 

475 

Ave 

raqe 

Z.88 

1.06 

3.72 

1.27 

3.23 

2.74 

3.15 

3.70 

4. 45 

3.96 

4  20 

SERIES  D  —  ORE  N  END 

ITS 

0.00102 

2.38 

O.  131 

1.41 

0.063 

3.15 

0.194 

1.57 

2.77 

0.39 

4.21 

2.53 

2.91 

376 

4.55 

4.06 

432 

ITT 

" 

3.79 

.246 

1.67 

.042 

4  32 

.290 

1-72 

4.09 

.30 

5.20 

3-19 

3.4-1 

441 

5.20 

4.90 

508 

101 

* 

3.19 

.194- 

L  56 

096 

4  32 

.290 

1.72 

3.70 

.51 

4.36 

2.93 

3.41 

435 

5- 26 

4.61 

497 

Averaqe 

3.12 

1.55 

3.53 

1.67 

4.44 

2  88 

324 

4.17 

5.00 

452 

4.79 

SERIES  E 

1  -  OPEN  E 

:nd 

189 

0.00186 

1.26 

0.066 

1.34 

0.065 

2.07 

0. 131 

1.61 

1-73 

0.47 

3.33 

1.64 

2.36 

3.16 

4.05 

3.38 

370 

131 

2.03 

.193 

J.74 

.053 

3.30 

.246 

1.92 

3.19 

.36 

■4.34 

Z  76 

2.98 

4.02 

4.05 

4.64 

4.72 

133 

- 

3  86 

.291 

1.31 

.034- 

4-33 

325 

1.81 

4.28 

•4o 

5.82 

3.30 

3.41 

4.56 

S.42 

5. 13 

5.32 

Averaqe 

Z.G6 

1.66 

3.23 

1.78 

4. 50 

2.63 

292 

3.91 

477 

4.38 

4.58 

TABLE  G-b  ,  CHANNEL  WAVE  EXPERIMENTS  -  INSTANTANEOUS  INCREASE  IN  DISCHARGE 


Expt. 

No. 

Slope 

of 

Flume 

Sc 

initial  Condition 

Aq  = 

<VQ, 

c.fs. 

Ultimate  StableCondifibn 

Depth 

af 

Cope 

dK 

Inches 

Initial 

rise 

in 

staqe 

Inches 

Velocity 

of 

Toe 

d-t 

pbseruad) 

f  p.s. 

tqcT, 

'fqd'z 

Bazin- 

-farcy 

u. 

Formula  A 
fps 

Lcach- 

-King 

U 

fps. 

Koch- 

Chr’t’jen 

u 

f.ps. 

Bazin 

-Darcy 

■u. 

fbrmolaB 

fps 

Depth 

d, 

Inches 

Rschanp 

Q, 

cf.  s. 

Ustacity 

V, 

f  ps. 

Depth 

de 

Inches 

Vischary; 

Qz 

c.fs. 

Velocity 

Vi 

fps 

01 

(Z) 

(3) 

(4) 

(5) 

(6) 

CO 

(6) 

(9J 

(IO) 

ov 

02) 

(13) 

04) 

OSJ 

06) 

ov 

(iej 

SERI 

SS  G 

-  OPE 

EN  El 

MD 

ta) 

Cat 

<c; 

(O 

(.<=) 

(C) 

124 

0.00392 

1.25 

O.OGQ 

1.43 

0.077 

2.03 

0. 145 

1.83 

2.1  i 

0.86 

3.32 

183 

2.34 

3.44 

4.SI 

3.62 

3.77 

125 

- 

1.99 

.130 

170 

.074 

2.60 

.212 

Z.  00 

2.60 

.69 

4.34 

2.32 

Z.G4 

3.71 

4.6/ 

4.33 

442 

IZ6 

2.60 

.210 

Z.06 

.068 

3.10 

.270 

2.28 

3.19 

.59 

S.IO 

2.64 

2.89 

4. 13 

5.09 

4.86 

4.95 

IZ7 

3.1  1 

.278 

Z  29 

.067 

3.60 

.345 

2.4S 

3-70 

.59 

5.08 

Z.89 

3.1  1 

4.48 

5.5 1 

5.30 

540 

120 

. 

3.60 

.345 

2.45 

.067 

4.06 

4-12 

2.60 

4.31 

.71 

4-65 

3.1  1 

3.30 

4  77 

586 

5.67 

5.75 

Ave 

raqe 

2.51 

2.00 

3.13 

Z  25 

4.66 

2.56 

2.06 

4.11 

5.12 

4.76 

4.86 

SERIES  B 

—  OPE 

EN  END 

04 

0.00736 

J.OS 

0.074 

1.80 

0.068 

I.S6 

0.142 

2  36 

1.51 

0.46 

4.00 

1.68 

2.0  S 

3.13 

4.00 

3.90 

3.05 

05 

1.54 

.142 

2.36 

069 

z.oo 

.211 

2.70 

2.00 

.46 

5.00 

204 

2.32 

3.74 

485 

4.66 

4.68 

86 

2.00 

.21  1 

2.70 

.063 

Z.36 

.274 

2.98 

2.36 

.36 

5.89 

232 

2.52 

4.14 

5.34 

5.23 

5.22 

87 

2.39 

.274 

2.94 

.072 

275 

.346 

3.23 

2.77 

38 

6.03 

2.54 

272- 

440 

5.77 

570 

5.66 

94 

2.64 

.346 

3.36 

.080 

3.17 

.420 

3.48 

3.  16 

.52 

a  .67 

266 

292 

4.93 

6.43 

6.1  1 

6.28 

IOO 

1.56 

.138 

Z.  26 

.130 

2.36 

.276 

2.98 

2.24 

.68 

4.48 

Z  .05 

2.52 

3.80 

5.0  8 

4.85 

4-70 

IOI 

2.36 

.276 

2.99 

.125 

3.02- 

.401 

3.39 

Z.8  7 

.51 

5.98 

2.52 

2.0S 

4  44 

603 

5.81 

5.84 

ea 

Z.79 

.348 

3  19 

.114 

3.33 

.462 

3.56 

3.26 

.47 

658 

2.74 

2.99 

4.90 

4.33 

6.21 

618 

107 

2.03 

.210 

2.64 

.180 

2.97 

.390 

3.36 

2.83 

.80 

5.  37 

233 

2  83 

4.41 

5  76 

5.51 

5.47 

Averaqe 

2.04- 

2.69 

261 

3.  12 

-5.58 

2.32 

2.44 

4.25 

5.52 

5.33 

533 

SERIES  B 

-OPEN  END 

11  1 

0.00790 

1.05 

0.069 

1.68 

0.073 

1.60 

0.142 

2.26 

1.34 

0.29 

4.06 

1.68 

2.07 

3.08 

4oo 

3.79 

3.75 

1 13 

* 

2.04 

.207 

2.59 

.070 

2.47 

.285 

2.34 

2.48 

44 

5.84 

2.34 

2.58 

4.13 

5-31 

5.19 

S.I7 

Averaqe 

1.54 

2.13 

203 

2.60 

4. 95 

Z.OI 

2.32 

3.60 

4.65 

449 

446 

Averaqe  of  34 

3.08 

1.68 

3.70 

1.96 

4.69 

2.80 

3.13 

4.13 

5.00 

4.68 

479 

(aj  Averaqe  of  qaqes  2,3  and  4 

tb;4*weir  nof  rated.  Ultimate  staqe  uncertain. 

(cj  Computed  with  reference  to  ■stable  flow.osinq  v  ,  vZ)d(  and  dz 


mm/ 


TABLE  7- a,  CHANNEL  WAVE  EXPERIMENTS -INSTANTANEOUS  DECREASE.  IN  DISCHARGE 


TABLE  7-b,  CHANNEL  WAVE  EXPERIMENTS -INSTANTAMEQUS  DECREASE.  IN  DISCHARGE! 


Expt. 

No. 

Slope 

of 

Flome 

Sc. 

Initial  Condition 

Ultimate  Stable  Condition 

Depth 
-.at .  _ 
Heel 
rih 

Initial 

Qrop_ 

.  in-  . 

Staqe 

Observe: 

\AbcityL 

__o£_- 

.Crest 

LLC 

-Igd* 

Bazin- 

Dancif 

U. 

Bcmabl 

Leachr 

Kinq. 

U. 

Koch- 

Carfjen 

VL 

Bazin- 

Darcy 

u 

Depth 

d,. 

Inches 

fechanje 

<?, 

c.f.s. 

Itelouty 

V, 

Aq^  = 
Q,-Qz 

Depth. 

dz 

fochaqa 

<?* 

Xs 

f.p.s. 

c.f.s. 

Inches 

c.f.s. 

fps. 

Inches 

Inches 

f  D-S. 

f  D-S. 

f  p.s. 

f.p.s. 

f  p.s. 

0) 

CZ) 

(3) 

(«J 

(s; 

(6) 

(7) 

(2>J 

(to) 

Ctt) 

QV 

03) 

04 

05) 

06/ 

cru 

(iej 

SER 

IES  C 

p  -  OF 

=EN 

END 

co) 

CO) 

CO 

(C) 

(c) 

<C) 

133 

0,00292 

1.94 

o.i  an 

1*82 

0.0~70 

1-4.2 

132 

256 

.210 

2.09 

.072 

137 

.13© 

1.60 

200 

.63 

4.35 

262 

230 

3.55 

4.25 

4*49 

4  38 

130 

„ 

3.5© 

.345 

2.39 

.072 

3.0  S 

2.73 

Z.26 

3.14 

.51 

6.05 

3.10 

2.86 

429 

,5.15 

.5.39 

525 

129 

• 

4.07 

.410 

Z.57 

*072 

ass 

,33a. 

2.44 

3.61 

_ 55 

6.  IT 

3.3/ 

3*09 

463 

5.57 

578 

5-66. 

Aver 

aqs 

3.05. 

Z.Z2 

2.45 

L9S 

531- 

-  283 

2.52 

265 

4*6  L 

4.-86 

474 

5ER 

ES  E 

S  -  OF 

N 

END 

31 

0.00736 

2.05 

0,2  IS 

2  72 

0.02© 

1.87 

0492 

2.62 

.1,88 

0  18 

.  5.37- 

2.35 

224 

337- 

-4.92. 

4.99- 

4.9C 

97 

- 

1.60 

-_.L45 

Z36 

.076 

LOG 

.072 

i-as 

1.06 . 

.  _*5L  . 

.S-OQ 

207 

.  1.6.4. 

3.06 

-3^4. 

_405 

-A.aa. 

_ 

92 

, 

1.82 

.190 

Z67 

.082 

J.30 

.106 

2.13 

-1.33 

.54 

4.69 

Z.ZI 

1-87 

3.47 

4.41 

4.48 

4.S4 

96 

-2Q4- 

*2J2 

266 

-  --.070 

L56 

.142 

236_ 

_  1.58 

234- 

Z.Q5 

3.65 

4.5SL 

4.77 

4.7  1 

95 

* 

261 

947 

3.33 

.009 

2.36 

.278 

3.00 

2-36 

.37 

6.35 

2.65 

2.53 

4.S6 

587 

57s 

5.92 

89 

• 

aoi 

.406 

3.45 

*056 

2.76 

350 

3.24 

2.74- 

.  .31  . 

6.35  . 

284 

2-72 

4.79 

6.1  L 

613 

6.1-7 

103 

.. 

2.33 

.275 

2.95 

.135 

1.5  A 

.140 

2-33 

157 

.83 

5.84 

2  S4 

2.04 

3.8/ 

4.80 

502 

499 

90 

2.6Z 

■34fi 

9.40 

.131 

202 

.  21 7 

2.74 

2.03 

.74 

5.85 

2. 65 

2.33 

4.37 

5.59 

5.55 

573 

102 

3.0G 

401 

3.35 

J26  . 

.  2.38. 

.275 

298 

2.40 

70 

6.18 

2.87 

253 

4,54 

574 

.  5.9.4 

5-88 

loe 

3.  OS 

.330 

3.26 

■  ISA 

1.97 

.208 

2.70 

2.03 

107 

6.27 

2.37 

2.30 

4.26 

535 

5,71 

556 

Averuae 

2,43 

3.02 

J.fl© 

2.60 

.5*73 

-2,54 

2  22 

4.04 

5.12- 

5*24 

5-25 

SER 

es  eZ-QF 

=em 

END 

112 

aoo73Q 

J* 58 

0.13© 

2.23 

0.0.7/ 

a.97. 

0.067 

l.CA 

1,06 

4.62 

2.06 

1.53 

2  87 

3.68 

388 

114- 

2.43 

-276. 

2.9  L 

*Q7Q 

206 

Z82 

■49 

7J3 

2.S6- 

2.33 

-4.08 

5*  15  - 

5*23  - 

5.24 

Aver 

cxop  _ 

ZOO. 

29  X- 

1.50 

2.14- 

231 

_ 1*53. 

248 

4-.  42 

4.56 

4  50 

A/eraqe  of  S3 

3.55 

1.93 

2.82 

1.67 

5.13 

3.03 

2.67 

3.85 

4.48 

477 

4.63 

(a/Averaqe  of  qaqes  23  and  A 
itv  Erratic  rons 

(CJCompoted  with  reference  to  stable. flow, osinq  v(.,va,d,  anddj 


TABLE.  0- CHANNEL  WAVE  EXPERIMENTS  —GRADUAL  INCREASE  IN  DISCHARGE 


Initial  Condition 

Increase  in  discharge 

Ultimate  Stable  Cbndition 

Obsencd 

telocily 

of 

Slope 

duration 

Bate 

Benin- 

Leach- 

Koch- 

F*pt 

\felodty 

Aq= 

.  of  

of 

Depth 

Jisctamjs 

l&lociiyl 

fqTt 

-  Don:  ij 

-King 

•Cnr’t'jsn 

Dorcy 

- 

No. 

Rama 

-A- 

-Q,- 

-54- 

Increase 

Increase 

di 

Qa 

w 

Toe. 

u 

u 

u 

Ut 

Inches 

cfs. 

f.p.s. 

c.f.s. 

Sacs 

Inches 

c.f.s. 

fp.s. 

f-P-s. 

f  p.S. 

f.p.s. 

f.p.s. 

f.P-9. 

0> 

c*j 

ta 

(A) 

IS) 

c« 

(73 

(63 

C93 

(103 

O'J 

(IZJ 

(133 

{IV 

05J 

(161 

(IV 

08) 

SERIES 

A  -  3  INCH  E 

ND  W 

/E1R 

(b) 

(b) 

(b) 

(b) 

SA. 

te\/el 

A.  4.2 

o 

C> 

0.070 

120 

00005ft 

4.75 

0.070 

0.400 

3.(4 

3.03 

3.57 

3  57 

3  90 

3.33 

3.57 

3*7 

4.90 

0.073 

0.381 

.073 

12 

.00608 

5.72 

.146 

.640 

3.54 

3.68 

.3.92. 

4. IS 

4  47 

4.21 

4.30 

8G 

# 

4.90 

.075 

.39/ 

.085 

IS 

005 GC 

3.88 

.l«SO 

690 

3.65 

5.98 

4.22 

4.57 

4.25 

4.37 

2*7 

4JB7 

25 

00270 

570 

.143 

040 

4.AO 

.3  91 

4  14 

4  47 

4.20 

4.30 

ns 

4. GO 

.070 

.373 

.070 

120 

IZ 

.00058 

5.05 

.140 

.030 

3.51 

3.59 

3.90 

4. 12 

445 

4.IG 

4.27 

36_ 

.646 

.063 

.00575 

6.4A 

.215 

840 

3.98 

3.94 

4.17 

4.56 

4  95 

4.73 

482 

■  143 

.348 

.059 

25 

645 

.2  13 

4  80 

455 

4  94 

4.7O 

4.80 

39 

# 

a.  ah 

.215 

12 

00492 

7.05 

.274 

4.85 

4.17 

4.35 

436 

.5.30 

.5.  1 3 

5.20 

23 

6.44- 

J5L13 

.846 

x06S_ 

0026 

710 

J2.1Q 

.5x47 

437  

.544-  

5A2. 

Ave 

page 

S.2.S 

.502 

6.09 

0.745 

4.  19 

3.74 

4.04 

4.34 

4.71 

4.43 

4.54 

S4 

IqvzI 

3.35 

SE 

R1E5 

A-I+ 

INCH 

END 

WEIR 

0  075 

0.572 

12 

4.Z6 

3.63 

3.90 

3.95 

*ri_ 

3.35 

.074 

.S6S 

.072. 

24 

4.25 

3.37 

3,71 

4J7 

3x80 

3x94 

75 

4.17 

3  82. 

396 

£5 

„ 

4.27 

.140 

,874 

-Q6A 

12 

0053 

4.95 

1.08 

3  65 

4  17 

4.66 

4.4Z 

4.52 

QQl 

„ 

Loao 

5.5G 

5  06 

72 

-■LQ3 

.215 

nn 

OGZ 

24 

0020. 

5.61 

277 

1  2C 

4  07 

3.68 

3.88 

4  5 4- 

509 

4.90 

4.98 

77 

4.33 

.213 

1.09 

,063 

48 

JDOJS 

5.6Z 

77G__ 

LZG 

3.34 

3.66 

389  . 

A54 

xSxlQ 

d.sa . 

4x28 

4.  IS 

0.835 

4.93 

107 

3  ft? 

3.34 

3.03 

4.47 

.ai 

-RIES 

B'  - 

OPEN 

END 

115. 

aoo79- 

1.6Q 

Q  139 

2ZZ 

0.069 

15 

0004G 

2.05 

4.57 

117 

IIS 

2  9?? 

.278 

3.03 

,0537 

12 

2.80 

34S 

3.18 

5.65 

5  77 

„ 

o 

.137 

Z6 

.00527 

_L6Q 

J37 

2.25 

2x07 

207 

(a.1 

XG9 

2.Q7 

118 

» 

152. 

.138 

2  32 

.139 

24 

OQ52£L 

745 

777_ 

.820 

&I1  . 

2,Q2 

2x57  . 

396 

S2S 

■5.00 

—Asa. 

Aver 

-aq® 

1.37 

1.69 

2.22 

Z.8I 

4.79 

I.G5 

2.43 

3-56 

SZ3 

4.23 

4.32. 

•Average  of  ZQ 

4.10 

0.897 

4.31 

177 

4.18 

3.1© 

3-57 

4.11 

4.77 

4.36 

4.47 

(a)  Formula  does  nob  apply— XW  Computed- with  reference.  ia  isiabls-  fdow-pusing— and-dt 


TABLE  3 -CHANNEL  WAVE  EXPERIMENTS  -  GRADUAL  DECREASE  IN  DISCHARGE 


Initial  Condition 

Increase  in  discharge 

Ultimate  Stable  Condition 

Observed 

Expt 

of 

depth- 

Pischanjt 

LfelaciLjp 

-Aq.- 

of _ 

Dcpfll- 

Pischoige 

\kboihf 

.  of _ 

tjd  ■ 

-Darcy 

-King 

Tart']® 

Darcy 

_ 

No. 

Flume 

Ss 

d,  . 

Q, 

V, 

Oz-«, 

decrease 

deaease 

d  2, 

A  - 

Yt 

Crest- 

LL 

u _ 

LL 

-LL _ 

Inches 

cfs 

f  p.s. 

C.f.s, 

Secs. 

^/Sec. 

Inches 

C-f  S. 

fp.s. 

fp.s. 

f.  p.s. 

fp.s. 

fp.s. 

(1) 

(2) 

(3) 

(4; 

(S) 

(«J 

a) 

(el 

(9) 

OoJ 

OU 

02) 

U3J 

CI4J 

( IS) 

OGJ 

OT) 

(I8l 

5ER1 

ES  A 

~  3  IN 

CH  E 

ND  WEIR 

10.1 

CCD 

COJ 

(a) 

lavaL 

0x074 

0305 

000617 

3.QO 

3.71 

3.64 

2.84 

3.07 

2.94 

8.-73 

8  ?? 

33 

.4x32^ 

.07.3 

.380 

.00290 

3.C.4 

2.84 

3.07 

2.23 

3.-78 

42 

„ 

5x77 

■  147 

,G5J 

.073 

12 

xOOCdO 

4.7© 

4.65 

3.94 

3xS8_ 

3.97 

4.41 

32 

a 

5.82. 

.145 

,G40 

.072 

25 

00268 

4.76 

.073 

.41 

4.31 

396 

3.58 

3x96 

4Q7 

4  AS 

4x22 

41 

„ 

G.47 

.2J4 

xQG7 

12 

.147 

.64 

4.59 

4-L7 

3.91 

442 

4  6S 

31 

„ 

656 

*Z15 

.840 

x07Q 

25 

.QQ280 

5.60 

xl45 

.64 

5.08 

4.20 

3.88 

4.38 

4  5© 

-472- 

4.0 

m 

7.09 

.275 

.99?, 

.061 

12 

6.45 

.714 

©4 

4.48 

437 

416 

4. 76 

30 

7  IZ 

-273 

.990 

.061 

25 

00240 

6.47 

.215 

.84 

5.01 

438 

4.17 

47G 

5.06 

5.26 

5- 16 

Average 

6.08 

0.71G 

4.72 

0.47 

4.50 

4.04 

3.GZ 

4.05 

4.17 

457 

AS 4 

SERI 

ES  A 

-  \3  INCH  END  WEIR 

70 

level 

350 

0.083 

0.G06 

0.083 

15 

0.0055 

150 

O 

O 

400 

3.07 

2-01 

2  37 

1.72 

3.22 

2.62 

G3 

- 

436 

.  .155 

.909 

.072 

12 

.0060 

345 

0.083 

0.63 

4.21 

3.42 

3.05 

3.59 

3.73 

4.12. 

3.96 

72 

-■ 

428 

.146 

.072 

.060 

24- 

.0025 

3.50 

.086 

.65 

3.41 

3.39 

3.07 

3-59 

379 

4.09 

3.94- 

7£ 

H 

4x27 

i4S 

.86© 

46 

.0015 

3.37 

x07£l 

.60 

3.73 

3.33 

3.01 

3.53 

3.72 

ca 

5.06. 

J2ie 

LOB 

.063 

.  12 

0053 

4.40 

J55 

.92 

.4,44 

-3.69 

3.44 

4x09 

4.41 

465 

454 

..  G7- 

« 

•5xSG  . 

x270 

1-24 

052 

J2x 

.218 

J.IQ 

4.23 

3.87 

3.68 

4.42 

484 

.  74  _ 

5.62 

.277 

J-2G 

OSS 

24 

5.6Z 

.222 

L26 

3.77 

3  ©9 

3©9 

464 

5.15 

7© 

... 

5.63 

276 

1.25 

.061 

49 

0013 

5.02 

.21s 

MO 

4.5S 

389 

3.67 

4.42 

4.32 

5.03 

4.92 

Average  . 

4.41 

0.935 

3x86 

0.7© 

4.05 

ssa 

3,23 

3. ©3 

4.03 

442 

SERIES  B 

'-OP 

— N  E 

ND 

—122 

0.0073 

2-40 

0^77 

2x95 

0.070 

12 

0.00383 

2. 05 

Q.2CTZ- 

-Z.SO 

4.32 

2.54 

2.35 

4.12 

5x21 

5-15 

5.30 

120 

0 

2x30- 

27© 

_229 

.zoa 

36 

.00370 

l.QQ 

.07 Q 

1-T1_ 

4.2G 

253 

LG4- 

3x43 

4.38 

456 

12.1 

3x07 

.AOS- 

3.3S 

1DS3 

12 

00492 

280 

SAG 

3.1© 

-6.33 

2.87 

2.74 

427 

606 

6-10 

C12 

.  IIS 

* 

240 

.275 

293 

x!35 

.  24 

00562 

-1-60 

J40 

2.24 

5,79 

2  54 

-207 

3-sa 

4dZ.. 

4.35 

-5.00 

Aver 

age 

2.SC 

3.00 

1.6G 

241 

5.50 

261 

220 

4.04 

5.09 

5.15 

5.26 

Average  of  zo 

4.8G 

1.30 

3.9G 

0.33 

432 

3.57 

3.1a 

3.96 

4.30 

4G3 

4.48 

XajComputed  with  reference  to  sfahle  flow,  using  v,^Va,d,and 


TABLE!  IQ  ~  CHANNFl  WAVE  EX PEB1MEMX3  ~-XRl  ANGULAR  WAVES 

UNIFORM — RATE  QF..1MGREASE  OF  -D3CHAR0E.  TQAQIVEM.  PEAK  1HEU.CE_  DEC  ERASING.  -ATL  (JMIFQRM  RATF  TO  imitiai  FLOW 


Initial 

Condit 

on 

Increas 

e  and  0 

ecrcase  in  Discharge 

Stable 

V'elocilv 

Bazin- 

Oarcv 

Fbrchheimcr 

Slope 

Change 

t/uraiion 
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depf  h  _ 
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oi 

Increase 
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d, 
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^rafn" 
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Ag 
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V- 

Inches 
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f.p.S. 
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W 
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(O 
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(23) 

(24) 
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c^e 
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OU 
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to 
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(f) 

cd)  (e) 

Cd)  (f) 

.  —44 
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Q.Q70 

osaa 

0-067 

12 

0.138 

3 

5.6S 

0.625 

g.  26 
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4.88 

■Q76 

.367 

.071 

23.S 
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■  )4ff 

5.72 
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5.32 

.44 
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i, 

-£■12. 

■  182. 
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.Q65 

12 

.0054 
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4 
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.930 

6.39 

.818 

.27 

4.15 

4.28 
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4  57 

4.99 

4.90 

— 50 

„ 

-6J50 

tB2- 

033. 

.  .127 

24 

■307 

_ 3 

7.15 

1.020 

6.75 

60  - 

4.37 

407 

4  39 

4  26 

4.78 

— 45 

a 

G.4S 

.2.12. 

12-  15 

.0046^ 

.2675 

7.0/ 

985 

6.78 

557 

4  17 

4  94 

427 

4.67 

4.56 

5.30 

4.77 

.^6 

„ 

65n 

•0023o 

6  88 

37 

4  in 

4.33 

4.62 

-~4fl 

U 

^4.30 

.  ,07S 

.331 

./3ft 

ZA-2A3. 

OOSR 

,213- 

.  4 

6,4£ 

,838 

5.59 

.610 

.  ,69.  . 

3.78 

.£.63  . 

4.17 

3.88 

427..  

4,Q£ I 

457 

4.28 

424 

4.14 

2.20 

5. 11 

.452 

425 

-Avera 

ge 

5.70 

.3  43 

654 

0.860 

6.13 

0.43 

4.35 

3.91 

4.J9 

4  05 

447 

4.34 

472 

4.73 

4.56 
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4.70 
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SER 

IES  A 

~  1  k  1 
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.MD  W 

EIR 
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Level 

3.5/ 

4.32 

3.86 

0.35 

3.25 

3.07 

3.22 

3.68 

.954 

400 

3.81 

3.80 

3.73 

22S- 

3.97 

3.90 

— SO.  . 

3  44 

OOGOi 

,130 

43Z 

.890 

3.83 

_ 350- 

■39 

3  73  . 

-5L21  . 

£67  - 

£32  . 

-3,60- 

3.7ft 

-3QQ- 

.2.09- 

4.74 

306 

3.79 

- 33  

5_ 

.885 

3.8/ 

.742 

.40 

3,2Q_ 

£.65 

.£5X- 

387 

.3.7  a 

-20-51 

-3,68- 

J2./Q- 

4.sa 

.3,94 

-  306 

u 

,OOS4j 

3 

5.30 

1.170 

438 

.1^)85_ 

[A35._ 

-355- 

3.71 

-308  . 

3.66. 

430 

4.22 

4.75 

4.63- 

462. 

4.sa 

.269 

556 

.474 

4,63- 

.-82 

0 

.2IQ 

S)5brQSA 

12-235 

j0O4X> 

-274- 

45 

5.5  B 

1. 257 

5.31 

J.  175 

.20 

3.87 

£08 

449 

4,42. 

437— 

4.89 

48a_. 

4B4- 

-3.04 

2/3- 

-4.65- 

- 8/ 

0024j 

5.55' 

1  746 

5  38 

1. 196 

.34- 

3.85 

3.68- 

3.86- 

3.80 

447 

44? 

495 

4,aa. 

485 

4.82 

28£. 

409- 

..A94- 

4.aa . 

-  4>7S 

—556 

J3a-.J35 

J25-.L27 

■23-24. 

24-23.5 

X30&O> 

O0QS& 

00S2.J 

<5os4 

4J2. 

£55- 

.360 

3.05 

9,36 

-385- _ 

£.62 

426 

-3.64 

3,8a 

306- 

.2.28 

476- 

„ 

4.70 

.305- 

3 

5.87 

1.335" 

5.33 

Ltaa. 

.63 

4Q6 

3.55 

3.97 

3.7S 

-446 

4.32^ 

435... 

4.76. 

-API- 

463 

-2.7/- 

5,0a. 

452 

-4050 

A/erc 

459 

3.34 

3.67 

3.50 

4.07 

385- 

40a . 

422 

2.SL 

500. 

44SL 

-4.30 

r 

3.63 

5.73 

0.88C 

5.31 

0.867 

043 

4. /I 

3.6Q 

3,9.L 

3.J3 

4,24^ 

4.13 

4.59 

4.5Q 

4.41 

4.30. 

253 

-SOS. 

.  4-57 

4,43 

_ 1 _ 

^1  Avzzaqz  of  gages  2,-3  arid  4- 

^Minoonf^umi-Jon  and  cate  of  decrease  given  hy  second  -figure  where  decrease  does  dot  equal  increase. 
teLComputed  formula  A  (Table  5)  (d)  Computed  bsj  foniiulQ— BXldbleS,)  t 

X^dCamputed  vvdh  reference Jojsiable_£lQW,  using  v.w^.aadd*  (ilCompuiod  with  ceterence  te  cresf  depl fusing  v^vv,dt  andc^ 


TABLE  11 -CHANNEL  WAVE  EXPERIMENTS -RECTAN6ULAR  WAVES 
INSTANTANEOUS  INCREASE  MAINTAINED  FORGIVEN  PERIOD  WITH  INSTANTANEOUS  DECREASE  TO  ORIGINAL  FLOW 
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the  wav c  velocities  on  tables  6  to  11,  inclusive,  the  velocity  is 
that  of  either  the  toe  or  erGst,  whichever  could  better  be  determined, 
and  the  one  used  is  designated  in  the  heading  of  column  (12)  of 
tables  6  to  9,  corresponding  to  increment  and  decrement  waves,  and 
in  column  (16)  for  triangular  waves.  For  rectangular  waves,  columns 
(14)  and  (15)  of  table  11  give,  respectively,  the  velocity  of  the 
wave  front  and  that  of  the  'wave  crest.  In  ease  of  waves  whose  longi¬ 
tudinal  profiles  were  initially  rectangular,  the  wave  quickly  changed 
to  a  triangular  form  and,  as  will  be  seen  fromtable  11,  the  crest 
velocity,  column  (15),  was  in  general  greater  than  the  velocity  of 
the  wave  front,  column  (14);  in  other  words,  the  crest  of  the  wave, 
after  it  became  triangular,  traveled  from  an  initial  position  near 
the  back  fo.ee  of  the  original  rectangular  wa.ve,  toward  the  position 
of  the  front  fo.ee  „  In  ease  of  positive  increment  waves  formed  by 
instantaneous  incresc  of  discharge,  tables  6-a  and  6-b,  column  (10) 
gives  the  wave  depth  at  the  cope.  It  will  bo  noted  that  this  is  in 
general  considerably  less  than  the  depth  do  corresponding  to  neutral 
flow  with  the  final  ro.te  of  discharge.  The  depth  at  the  cope  of  a 
wave  is  somewhat  difficult  to  determine  and  more  or  less  uncertain, 
especially  where  waves  approach  the  breaking  point.  The  wave  velocities 
given  in  columns  (15)  to  (18),  tables  6-a  and  6-b,  me  computed  with 
reference  to  the  ultimate  stable  depth  and  velocity,  excepting  in 
ease  of  triangular  waves  (table  10) ,  for  which  velocities  computed 
both  on  the  basis  of  stable  depths  (vg)  and  oil  the  basis  of  the  crest 
depths  (T^)  arc  given  in  the  table. 
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'Tith  reference  to  triangular  and  rectangular  waves,  tables  10 
and  11,  the  calculated  velocity  was  obtained  in  each  ease  by  separately 
computing  the  velocity  of  the  front  and  back  faces  of  the  wave  by 
the  given  formula  and  taking  the  average.  Table  10  shows  the  computed 
velocities  for  triangular  waves  for  both  crest  depth  d^  and  stable 
depth  d 

In  co.se  of  tric.ngular  and  rectangular  waves,  the  initial  and 
final  depths  and  velocities  were  d-jV,,  and  ^2^2'  wavc  ^th  stable 

depth  and  velocity  d^v^  was  superposed  on  the  initial  steady  flow, 
since  the  depth  and  velocity,  after  the  wave  passed,  returned  to  the 
original  values  d^  and  v_^ .  Combining  the  formulas  for  increment  and 
decrement  waves  traveling  downstream  gives: 

Bazin  and  Darcy  (a): 


u 


(26) 


Bazin  and  Darcy  (B): 


Leach  and  King : 


(28) 


Koch  and  Carstanjon: 

+  V^d2  +  V1  +  v: 


u 


(29) 
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In  computing  velocities  for  crest  depths,  d  is  to  be  sub- 

c 

stituted  for  dQ  in  these  equations* 

The  average  crest  stage  as  observed  in  the  course  of  travel  of 
the  wave  through  the  channel  is  always  less  than  the  depth  for  steady 
flow,  and  in  general  the  agreement  of  the  observed  velocity  of  the 
toe  of  the  wave  with  the  calculated  velocity  by  the  different  equations 
is  better  whore  the  calculated  velocity  is  based  on  the  observed 
crest  depth.  Both  cases  arise  in  practice.  For  example,  if  it  is 
desired  to  determine  in  advance  the  velocity  of  an  increment  wave 
resulting  from  release  of  an  increased  volume  of  water  to  a  channel 
for  a  definite  time  and  at  definite  rates  of  increase  or  decrease, 
the  depth  corresponding  to  the  crest  rate  of  inflow  con  readily  be 
determined  from  the  rating  curve  of  the  cross-section,  and  this  quan¬ 
tity  can  bo  used  in  computing  the  wave  velocity.  Under  those  condi¬ 
tions  the  ultimate  stable  depth  only  is  known  in  advance.  In  pre¬ 
dicting  flood  stages  at  points  downstream,  where  observed  crest  depths 
arc  given  at  points  upstream,  neither  the  crest  rate  of  flow  nor  the 
depth  corresponding  thereto  may  be  known,  and  in  this  case  computation 
of  crest  velocity  can  in  general  only  bo  predicated  on  the  observed 
data,  namely,  the  actual  crest  depth. 

FORCHEIMER *  S  AND  SEDDON’S  FORMULAS  -  Forchcimcr  has  given  a 
formula  for  crest  velocities  of  waves  of  translation  in  rectangular 
channels  which  con.  readily  bo  reduced  to  the  form 

„  =  I  «2-  °-l 


w 


V  di 


(30) 
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The  values  of  q  and  q  arc  those  pertaining  to  steady  flow  at  the 
actual  depths  d^  and  di  .  This  equation  relates  to  wav os  subject 
exclusively  to  friction  control,  since  q  is  a  function  of  d,  depend¬ 
ent  upon  the  channel  characteristics. 

4 

In  189S  and  agin  in  1900,  Jones  A.  Seddon  published  the  equation 

u  =  i  (31) 

w  dh 

for  the  crest  velocity  of  waves  subject  to  friction  control.  Neither 
the  Forchcinor  nor  the  Seddon  equation  takes  into  account  changes 
in  momentum  • 

Experiments  on  triangular  and  rectangular  waves  were  carried 

out  only  with  the  channel  bottom  level  but  rating  curves  for  the 

level  channel  arc  give  on  figure  5.  Using  these,  crest  velocities 

were  computed  by  Forchcinor ’  s  formula  for  triangulc.r  waves  in  terms 

both  of  stable  depth  d_  and  observed  crest  depth  d  ,  with  results 

2  c 3 

as  sham  i:.  columns  (26)  and  (27)  of  table  10,  and  for  stable  depths 

dg  for  rectangular  waves,  as  shewn  in  column  (21),  table  11.  Since 

the  discharge  is  assumed  to  be  the  same  for  both  eases,  but  d  -  i, 

is  loss  than  d  -  d  }  Forchcimor’s  formula  gives  higher  velocities 
^  1 

in  terms  of  crest  depth  than  in  terms  of  stable  depth  for  triangular 
waves . 

Sodden’s  formula,  if  applied  to  the  sane  cases,  would  give 
velocities  of  the  scone  order  as  these  given  by  Forchoimor  ’  s  formula 
except  for  rectangular  waves.  For  these  the  Seddon  equation  gives 


4 

Seddon,  James  A.  River  hydraulics,  Trans.  Amor.  See.  Civil  Engin., 
vcl.  43,  pp.  179-243,  Juno  1S00. 
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much  too  low  velocities.  The  Forcheimer  formula  applied  to  tri¬ 
angular  waves  gives  velocities  much  below  the  observed  velocities 
when  the  computation  is  based  on  stable  depths  but  considerably  above 
the  observed  velocities  when  the  computation  is  based  on  crost  depth. 
For  rectangular  waves,  using  stable  depth,  the  Forcheimer  equati on- 
gives  velocities  of  the  right  order  and  in  better  agreement  with  the 
observed  velocities  than  those  obtained  by  the  other  formulas  used, 
in  two  groups  of  experiments,  but  gives  velocities  considerably 
below  the  observed  velocities  in  the  first  group  of  experiments  shown 
on  table  11.  These  results  may  have  little  significance  as  the  ex¬ 
periments  on  r octangular  waves  were  all  carried  out  in  a  level  flume. 

GENERAL  SUMMARY  -  Table  12  gives  a  general  summary  containing 
averages  of  the  observed  data,  and  computed  velocities  and  ratios  of 
the  computed  to  observed  velocities  for  all  the  experiments  of  each 
series.  In  general  there  were  several  groups  of  experiments  in  a 
given  scries.  The  results  aro  a. s  a  rule  consistent  a.s  between  the 
individual  groups  and  the  average  of  all  the  experiments,  as  is 
shown  by  the  following  comparison  for  instantaneous  increment  waves. 
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TABLE  12  -  CHANNEL  WAVE  EXPERIMENTS  -  GENERAL  SUMMARY 
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Table  13  -  Conpairson  of  different  groups  of  experiment  rath  instantaneous 


increase  in  discharge. 


• 

Group 

Slope 

of 

Flume 

Humber 

of 

experi¬ 
ments  . 

Ratio 

Leach -King 

Koch-Carstanpcn 

Observed 

Observed 

(1) 

(2) 

(3) 

(4) 

(5) 

Scries 

A  -  4-inch  end  weir 

Level 

2 

1.110 

1.045 

n 

A  *7  tt  tt 

il  —  o  — 

tt 

4 

1.091 

1.011 

tt 

A  -  1-1/2"  " 

tt 

4 

1.148 

1.061 

tt 

D  -  1-1/2"  " 

0.00102 

2 

1.338 

1.227 

tt 

D  -  Open  end 

0.00102 

3 

1.128 

1.018 

tt 

T?  _  H  tt 

0.00186 

3 

1.060 

0.974 

tt 

c  -  "  " 

0.00392 

5 

1.100 

1.022 

» 

3-  "  " 

0.00736 

9 

0.988 

0.955 

tt 

E»  _  "  " 

0.00790 

2 

0 . 940 

0.908 

Total 

34 

1 .066 

0.998 

The  ratios  of  the  computed  velocities  by  different  formulas  to  tho 
observed  velocities,  arc  given  on  table  14.  All  computed  velocities  used 
in  preparing  this  table  arc  those  for  stable  depths. 
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Tabic  14  -  Wave  velocity  ratios  by  different  formulas;  averages  of 


all  experiments • 


Type  of 
wave 

Bazin- 

Darcy 

(B) 

Leach- 

King 

Koch- 

Carstanjen 

Forchcimor 

(1) 

(2) 

(3) 

(4) 

(5) 

Veloc 

:ity  ratios 

Comnuted 

Observed 

Inst  ant  ane  ou  s 

increase 

1.021 

1.066 

0.998 

0.623 

Instantaneous 

decrease 

0.903 

0.873 

0.930 

0.517 

Gradual  increase 

1.069 

1.118 

1.043 

0.560 

Gradual  decrease 

0.993 

0.951 

1.024 

0.488 

Triangular — 

Stable  depth 

1.110 

1.117 

1.073 

0.615 

Crest 

1.079 

1.095 

1.058 

1.230 

Rectangular  ^ 

0.927 

0.910 

0.892 

0.980 

Average  of  all 

1.014 

1.019 

1.003 

0.716 

1 

Computed  velocities  based  on  stable  depths. 


Table  14  gives  the  following  results: 

1.  There  is  some  tendency  for  the  momentum  equations  used  to 
give  too  high  velocities  for  increment  waves  and  toe  low  velocities 
for  decrement  waves* 

2.  Taken  altogether,  there  is  little  choice  between  the  Leach- 
King,  Bazin-Darcy  equation  (B)  and  Koch-Carstanjen  equations,  although 
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the  accuracy  of  the  computed  wave  velocities  as  compared  with  the 
measured  velocities  for  different  types  of  waves  increases  slightly 
in  the  order  named. 

3.  There  is  some  definite  tendency  in  ease  of  increment  waves 
for  the  ratio  of  the  observed  to  the  computed  velocity  to  increase 
as  the  wave  length  increases,  i.c.,  proceeding  from  instantaneous 
increments  through  gradual  increments  to  triangular  waves,  thus 
affording  evidence  of  increased  effect  of  channel  friction  as  the 
wave  length  increases. 

4.  The  Bazin-Darcy  equation  (B),  Leach-King  and  Koch-Carstanjen 
equations  all  give  higher  than  the  observed  velocities  for  tri¬ 
angular  waves,  computed  either  in  terms  of  crest  depth  or  stable 
depth.  The  commuted  velocities  arc  more  nearly  correct  where  crest 
depth  is  used  than  where  stable  depth  is  used.  These  facts  may  be 
ta.kcn  as  further  reflecting  the  effect  of  channel  friction.  It  is, 
however,  to  be  noted  that  the  observed  velocities  used  in  ease  of 
triangular  waves  arc  those  of  the  toe  of  the  wave,  which  is  quite 
certainly  less  than  the  velocity  of  the  wave ’ crest,  to  which  the 
computed  \rclocitics  apply. 

The  data  given  in  table  14  are  based  on  velocities  computed 
from  stable  depths  eucept  for  triangular  waves,  for  which  both  stable 
and  crest  depths  are  used,  and  if  actual  crest  depth  had  been  used, 
the  computed  velocities  would  have  been  lower;  hence  it  may  be  that 
the  Bazin-Darcy  formula  (B)  and  the  Leo.ch-King  formula  would  give 
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more  nearly  the  correct  velocities  than  the  Koch-Carstanjon  formula 
if  computations  wore  based  on  crest  depths,  although  the  Koch- 
Carstanjon  formula  gives  more  nearly  the  true  velocities  where  com¬ 
putations  are  based  on  stable  depth.  However,  in  the  ease  of  tri¬ 
angular  waves,  the  Koch-Carstanjcn  formula  still  gives  slightly  more 
accurate  results  than  the  other  two  formulas  named,  where  the  velocity 
is  computed  in  terms  of  crest  depth. 

5.  It  is  interesting  to  note  that  the  Forchcimer  formula,  which 
applies  to  waves  subject  to  friction  control,  gives,  when  used  in 
terms  of  stable  depths,  velocities  much  vclov  the  observed  velocities 
except  in  the  ease  of  the  longer  waves,  namely,  triangular  and  rec¬ 
tangular  waves.  For  rectangular  waves  the  Forchcimer  formula,  gives 
velocities  in  terms  of  stable  depth  much  below  the  observed,  and  in 
terms  of  crest  depth,  considerably  above  the  observed  velocities. 

For  rectangular  waves  the  Forchcimer  formula  gives  results  higher 
them  and  more  nearly  correct  than  those  given  by  any  of  the  other 
throe  formula.s  when  the  computation  is  based  on  stable  depths.  The 
formula  is,  however,  intended  to  apply  to  actual,  not  to  stable, 
depths . 

WAVE  PROFILE  -  From  the  preceding  discussion  it  appears  that 
departures  of  calculated  from  observed  wave  velocities  arc  duo  in  a 
considerable  degree  to: 

1.  The  fact  that  the  velocities  are  computed  for  stable  depths, 
whereas  the  nave  form  is  always  modified  and  flattened  as  it  con¬ 


tinues  downstream 
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2.  The  effect  of  channel  friction. 

It  appears  probable  that  channel  friction  plays  .  .the  leading 
role  in  the  transformation  of  the  wave  crest  as  it  tro.vels  downstream. 

While  it  is  probable  that  more  accurate  values  of  calculated 
velocities  of  momentum  waves  could  be  obtained  if  crest  depths  were 
used,  their  use  involves  the  difficult  problem  of  evaluating  the 
change  of  crest  form  interns  of  the  distance  the  wave  has  traveled 
from  its  point  of  origin.  No  attempt  has  been  made  to  correlate  the 
wave  form  and  profile  with  the  distance  it  has  traveled* 

Hydrographs  cf  the  waves  as  they  passed  all  of  the  gages  are 
on  file  at  the  author's  laboratory,  and  figures  10  to  15  inclusive 
show  sample  hydrographs  of  several  different  waves  cf  each  type 
covered  by  the  experiments# 

IMPULSE  WAVES  AND  INCREMENT  AND  DECREMENT  WAVES  IN  STILL  WATER  - 
Theory  indicates  tha.t  if  an  impulse  wave  is  generated  by  abruptly 
inserting  a  plunger  in  still  water  of  depth  d^  or  abruptly  withdraw¬ 
ing  it,  an  impulse  wave  will  travel  away  from  the-  point  of  generation 
with  a  velocity  gd^ .  Simile.rly,  if  on  outlet  is  abruptly  opened 
at  the  end  of  a  tank  or  reservoir  containing  still  water,  a  decrement 
wave  will  trowel  upstream  and  on  increment  wave  will  travel  down¬ 
stream  from  the  cutlet,  each  with  a  velocity  VSd2« 

Table  15  and  figure  16  show  the  results  of  two  series  of  experi¬ 
ments  made  at  the  author’s  laboratory  in  1926  to  determine  the  velocity 
cf  impulse  waves  in  still  water  in  t he  experimental  channel*  The 
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FIG.  10  ~  SAMPLES  OF  GRAPHS  OF  CHANNEL  WAVE  EXPERIMENTS 
FOR  INSTANTANEOUS  INCREASE 
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FIG.  II  -SAMPLES  OF  GRAPHS  OF  CHANNEL  WAVE  EXPERIMENTS 

FOR  INSTANTANEOUS  DECREASE 
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FIG.  \Z -SAMPLES  OF  GRAPHS  OF  CHANNEL  WAVE  EXPERIMENTS 

FOR  GRADUAL  INCREASE. 
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waves  were  produced  by  dropping  a  plunger  into  the  venter,  and  the  velocity 
is  that,  determined  from  the  time,  measured  by  a  stop  watch,  required  for 

the  waves  to  travel  100  feet  from  gage  1  to  gage  5,  In  this  case  the  height 

of  the  wave  relative  to  the  initial  depth  d^  was  slight  and  was  not  separately 
measured.  The  velocities  have  been  computed  in  terms  of  the  initial  depth 
d  ,  as  shorn  by  column  (5)  of  table  15.  The  differences  be  two  on  the  ob¬ 
served  and  computed  velocities  are  shown  in  column  (G).  For  the  first  series 

of  experiments,  June  16,  1926,  the  means  of  the  observed  and  computed  velo¬ 

cities  arc  identical.  For  the  second  series,  October  22,  1926,  the  means  of 
the  observed  and  computed  velocities  are  nearly  identical.  In  general  the 
agreement  between  the  observed  and  computed  velocities  is  extremely  close  for 
the  individual  experiments. 

Another  series  of  experiments  was  carried  out,  as  shown  by  table  16, 
to  determine  the  relation  between  the  observed  and  computed  velocities  of 
decrement  waves  in  still  water  in  the  experimental  channel.  In  this  case 
the  theoretical  velocity  is  gdgj  as  given  by  column  (7).  The  difference 
between  the  observed  and  computed  velocities  is  shown  in  column  (9).  T/hile 
there  arc  considerable  differences  between  the  observed  and  computed  velo¬ 
cities  for  individual  experiments,  the  averages  for  the  whole  scries  are  in 
good  agreement,  the  mean  of  observed  velocities  being  3.91  feet  per  second 
and  the  mean  of  the  computed  velocities  5.86  feet  per  second. 

Many  experiments  on  velocity  of  increment  waves  in  still  water  wore 
carried  out  by  Bazin  and  Darcy  in  their  experimental  channel  2  meters  in 
width.  The  solid  line  on  figure  17  above  the  calculated  velocities,  for 


different  values  of  d^,  in  meters,  and  the  plotted  points  show  the  moans 
of  the  different  scries  of  experiments. 
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Table  15  -  Channel  Wave  Experiment s  -  Impulse  Waves 


Run 

No. 

Depth 
of  wat e r 
in  flume 
d 

inches 

Time  for 
wave  to 

move 

100  ft. 

secs  • 

Velocity 

u 

f.p.s • 

Vsd 

Differ¬ 

ence 

Vgd"-  u 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

Ju 

ne  16,  19 

26 

1 

1.05 

52.2 

1.93 

1.67 

-C.26 

2 

1.40 

61.5 

1.63 

1.94 

+0 .31 

3 

1.90 

39.6 

2.53 

2.25 

-0.28 

4 

2.82 

33.8 

2.96 

2.75 

-0.21 

5 

3.78 

30.6 

3.27 

3.18 

-0.09 

6 

5.30 

26.6 

3.76 

3.77 

+0.01 

7 

6.00 

24.7 

4.05 

4.01 

-0.04 

8 

8.00 

24.0 

-  4.17 

4.63 

+0.46 

9 

7.95 

21.3 

4.59 

4.62 

+0.03 

10 

7.00 

23.5 

4.26 

4.33 

+0.07 

3.32 

3.32 

Oct.  22,  1926 

1 

6.08 

25.30 

3.95 

4.04 

+0.09 

2 

5.01 

27.83 

3.62 

3.67 

+0.05 

3 

4.08 

30.37 

3.29 

3.31 

+0.02 

4 

3.09 

34.86 

2.87 

2.88 

+0.01 

5 

1.94 

43.43 

2.30 

2.28 

-0.02 

3 

0.95 

62.00 

1.61 

1.59 

-0.02 

2.94 

2.96 

Wave  produced  by  dropping  plunger  into  water  . 

Travel  of  wave  from  gage  1  to  gage  5,  100  ft., 
timed  with  stop  watch. 

From  the  experimental  data  described  it  appears  that  it  is  now 
well  established  that  the  velocity  of  either  an  impulse  wave  or  an 
increment  or  decrement  wave  in  still  water  is  given  accurately  by  the 
equation  _ 

u  =  wV 

This  equation,  as  pointed  out  by  Bazin  and  Darcy,  probably  gives  some¬ 
what  too  high  results  for  decrement  waves  unless  of  small  height  rela¬ 
tive  to  the  initial  depth.  Furthermore,  it  does  not  apply  to  and  gives 
too  large  results  if  the  wave  crest  breaks  or  forms  a  whit e cap. 


TABLE  l« 

CHANNEL  WAVE  EXPERIMENTS -  DECREMENT  WAVES 
Initial  velocity  is  zero. 


Openinq 
at  end  of 

Observed  data 

Drop 

in. 

wafer 

Diff 

Expt 

Wz 

No. 

flume 

d, 

Inches 

de 

Inches 

U 

f.p.S. 

surface 

d.-d2 

cu 

(Z) 

13) 

(A) 

(S) 

(9; 

(V 

Ce) 

5,a> 

3"*f^  orifice 

7.41 

TOO 

4.G7 

o.4l 

4.34 

-0.33 

II 

3'*2-£ 

743 

O.Q»l 

3.99 

•76 

4.23 

+0.24 

3(b) 

3" -ft* 

7.19 

G.97 

4.55 

.22 

4.33 

-0.22 

14 

4"  weir 

722 

G.42 

4.32 

.00 

4.  IG 

-O.IG 

IS 

4*  v 

718 

5.73 

3.6J 

1.45 

3.93 

+0.12 

3 

3"*  1^2"  orifice 

G.34 

5.91 

4.02 

.43 

3.99 

-0.03 

12 

~ *  _  1  * 

3  x  2.2 

a. 38 

5.GS 

3.7G 

■73 

3.90 

+  0.14 

I3ld) 

end  open 

G.07 

4.3 7* 

3.71 

l.70i 

3.43 

-0.Z8 

G 

3"  *  orif  ice 

4.33 

4.56 

3.44 

.35 

3.51 

+  0.07 

4^gj 

3''*  4nL*  " 

437 

4.  IG 

3.73 

.21 

3.34 

-0.45 

IO 

_ .  .  1  * 

3  *  1 32  " 

4.37 

4.04 

3.01 

.33 

3.30 

+  0.29 

Average 

3.31 

3.8G 

■ 

u. 


/r\ 


— T 

-^dz 
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dt 

i 


v,=o 


Gaqe  5  not  recordihq  ;  Gaqe  2  off  bearinq. 

U»  Gate  jammed  and  time  of  openinq  uncertain  within  2  seconds. 
(c)Leaf  across  orifice  after  openinq. 

(di  Gaqe  s  submerged  owmq  to  high  velocity  at  end  of  flume. 
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0.8 


FIG.IT  ~ BA*ZIN -DARCY  EXPERIMENTS.  WAVES  PROPAGATED 
INSTILL  WATER.  5ERIES  1- EXPT5.  l-ll,  INCL. 
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ALTERNATING  WAVES  -  If  a  channel  or  reservoir  has  an  outlet,  and 
the  outlet  opening  is  more  or  less  abruptly  increased  or  decreased, 
a  series  of  alternating  ivaves  is  set  up  which  travel  back  and  forth 
throughout  the  length  of  the  reservoir.  These  waves  may  be  definite 
and  regular  in  case  of  a  channel  of  uniform  width  and  depth  but  are 
less  definite  and  regular  in  case  of  a  reservoir  of  varying  width 
and  depth,  and  especially  if  there  is  continuous  inflow*  Important 
cases  of  the  occurrence  of  alternating  waves  arise  for  reservoirs  at 
power  dams  when  the  flow  through  the  turbines  is  suddenly  increased 
or  decreased,  A  similar  phenomenon  occurs  in  case  of  a  partial  or 
complete  failure  of  a  dam  impounding  water. 

The  characteristics  of  the  series  of  alternating  waves  may  be 
determined  as  follows.  For  purposes  of  illustration  the  case  of 
abrupt  opening  of  the  outlet  gates  of  a.  reservoir  without  inflow  will 
be  considered,  .Similar  reasoning  applies  to  the  case  of  abrupt  clos¬ 
ing  or  decrease  of  the  opening  of  the  outlets  of  a  reservoir.  In¬ 
creasing  the  outlet,  however,  produces  decrement  waves  upstream  from 
the  dam  traveling  initially  upstream.  Decreasing  the  outlet  produces 
increment  wavos  which  travel  initially  upstream. 

Consider  the  case  where  an  outlet  is  abruptly  opened  in  a 
reservoir  without  inflow'.  The  water  level  just  upstream  from  the 
dam  suddenly  drops  by  an  amount  Ad,  yet  to  be  determined.  Then  a 
decrement  wave  of  height  Ad  travels  upstream,  with  a  velocity 

=  'Vs  (dx  -  Ad)  =  VeV 


u 
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A  uniform,  level  channel  is  assumed,  of  width  and  initial  water 
depth  d  ,  and  the  outflow  is  assumed  to  take  place  through  an  orifice 
having  its  center  at  a  depth  h  below  the  water  surface,  so  that 

^2  =  ^2  "  b,  where  b  is  a  constant.  The  outflow  rate  through  the 

orifice  is  then 

q  =  CA  A/2g  (hg  +  b)  (32) 

but  as  the  decrement  wave  travels  upstream  it  removes  a  volume  of 
water  per  second,  also  equal  to  q,  and  expressed  by  the  equation 

q  =  wu  Ad.  (33) 


It  is  obvious  that  the  value  of  Ad  will  be  such  that  the  value  of 
q  determined  by  the  two  equations  will  be  the  same.  Substituting 
the  value  of  u  =  yg  (d  -  Ad)  gives 

.Ad  .  =  CA  V2gd2  ±  b. 


w 


"2  v  fc'&“2  "  '34) 

A  similar  equation  can  of  course  be  written  out  whore  the  outflow 

takes  plane  over  a  weir  or  through  a  pipe,  by  expressing  the  dis¬ 
charge  rate,  as  given  by  the  right  hand  member,  in  terms  of  the 
initial  head.  As  above  given  for  outflow  through  an  orifice,  this 
is  a  cubic  equation,  in  which  the  only  unknown  quantity  is  d9 ,  the 
value  of  which  can  bo  obtained  by  ordinary  methods  of  solution  of 
such  equations.  A  solution  is  in  general  most  readily  obtained  by 
computing  values  of  both  members  of  the  equation  for  assumed  values 

of  d  ,  plotting  the  results  in  terms  of  d  and  finding  the  required 
2  2 

value  of  d^  at  the  point  of  intersection  of  the  curves. 
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As  the  decrement  wave  travels  upstream  it  virtually  strips  off 
from  the  surface  of  the  reservoir  a  layer  of  water  of  thickness  Ad, 
the  head  and  discharge  at  the  outlet  remaining  meanwhile  constant* 

Alien  a  decrement  wave  has  reached,  the  head  of  the  reservoir  it  returns 
to  the  outlet,  the  outflow  rate  and  head  at  the  outlet  remaining  the 
same  as  before.  The  value  of  Ad  is,  however,  less  for  the  returning 
wave  because  of  the  decreased  value  of  d^.  Calling  A’d  the  value 

L> 

of  this  quantity  for  the  return  wave ,  this  value  can  readily  be 
obtained  by  the  same  method  as  before.  As  a  decrement  wave  returns 
to  the  outlet  it  strips  off  a  layer  of  water  of  thickness  A’d. 

When  it  reaches  the  outlet  or  darn,  a  second  decrement  wave  starts 
upstream  but  in  this  case  the  head  and  consequently  the  discharge  at 
the  outlet  arc  decreased,  and  the  value  of  Ad  applying  to  this  co.se, 
and  which  may  be  called  A”d,  is  again  changed.  In  this  way  successive 
layers  of  water  arc  stripped  off  from  the  surface,  and  changes  of 
head  and  discharge  at  the  outlet  take  place  abruptly  each  time  the 
wave  completes  a  circuit  -  in  other  words,  the  discharge  takes  place 
by  definite  quanta  instead  of  varying  or  decreasing  uniformly  with 
time,  as  it  is  assumed  to  do  in  most  ordinary  calculations  of  outflow 
from  reservoirs. 

The  thicknesses  of  the  layers  stripped  from  the  reservoir  surface 
successively  as  the  wave  traverses  from  outlet  to  head  or  back,  arc 
not  uniform  but  vary  ...in  a  somewhat  complex  manner  with  the  conditions, 
for  the  reason  that  the  thickness  of  each  layer,  or  Ad,  depends  on 
the  velocity  of  wave  travel,  and  this  decreases  as  the  initial  depth 
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decreases*  The  velocity  decreases  and  this  tends  to  increase  the 
value  of  Ad  as  the  depth  decreases.  The  value  of  Ad  also  depends 
on  the  outflow  rate,  decreasing  with  the  latter  as  successive  la.ycrs 
are  stripped  from  the  reservoir  surface.  These  opposite  effects 
tend,  as  shown  by  the  hypothetical  example  given  below,  to  produce 
a  minimum  thickness  of  the  la.ycr  Ad  at  some  depth  of  draw-down. 

The  process  is  illustrated  by  a  hypothetical  ease  of  emptying 
a  canal  100  feet  long,  with  level  bottom,  width  w,  1  foot,  initial 
depth  d_^  }  l  foot,  with  an  outlet  at  its  lower  end  having  an  area 
of  0.05  square  foot,  coefficient  C  =  0.60,  the  center  of  the  outlet 
being  0.8  foot  below  the  initial  water  surfo.ee.  The  thicknesses  of 
successive  layers  A  d  and  the  computed  velocities  of  the  wave  as  it 
travels  alternately  up  and  downstream  are  shewn  by  figure  18. 

Thus  far  in  the  discussion  of  the  subject  the  effect  of  channel 
friction  has  been  entirely  neglected.  An  experiment  was  carried 
out,  the  results  of  which  are  shewn  by  figure  19,  rath  an  initial 
death  of  slightly  over  6  inches  in  the  experimental  channel. 

The  lines  on  figure  19  show  the  resulting  hvdrographs  of  the 
alternating  waves  as  they  passed  successively  the  different  gages, 
which  were  25  feet  apart.  .hen  the  outlet  was  opened,  the  decrement 
wave  first  reached  gage  5,  15  feet  upstream  from  the  outlet.  An  abrupt 
drop  of  about  one-half  inch  occurred  at  this  gage,  then  the  level  re¬ 
mained  nearly  constant  to  the  point  a’ .  The  time  aa*  represents  that 
required  for  the  wave  to  travel  upstream  115  feet  to  the  head  of  the 
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channel  and.  return  the  sane  distance  to  gage  5*  Gage  4  was  25  feet 
upstream  from  gage  5,  and  the  time  hbT  is  that  required  for  the  water 
to  travel  a  total  distance  of  180  feet  to  the  head  of  the  canal  and 
back.  Similarly,  b’b"  represents  the  time  elapsed  after  the  first 
return  wave  had  reached  gage  4  until  the  second  decrement  wave  had 
traveled  upstream  to  gage  4,  a  total  distance  of  80  feet,  cc"  repre¬ 
sents  the  time  required  for  the  return  wave  and  the  second  decrement 
wave  to  travel  from  gc.gc  3  to  the  outlet  and  back,  a  total  distance 
of  130  feet,  and  so  on. 

Referring  to  figure  19,  it  will  bo  noted  that  after  the  first 
two  cycles,  the  wave  became  less  definite  in  form  and  the  water  level 
did  not  remain  constant  between  successive  passages  of  a  given  decre¬ 
ment  of  flow  but,  instead,  the  water  surface  in  the  canal  tended  to 
assume  a  uniform  slope  and  the  character  of  the  outflow  changed 
gradually  from  that  of  flow  by  quanta  to  ordinary  hydraulic  flow, 
with  a  sloping  surface  or  drop-down  curve  in  the  canal. 

WAVS  ADVANCING  IN  INITIALLY  K.iPTY  CHANNEL  -  In  the  operation  of 
reservoirs,  water  is  often  released  into  an  initially  empty  channel 
and  the  question  of  the  time  required  for  it  to  arrive  at  a  power 
plant,  irrigation  head-works  or  other  point  of  use  is  often  important. 
Several  experiments  were  made  by  admitting  water  to’  the  initially 
empty  channel,  with  different  slopes,  as  shown  on  table  17.  In  these 
experiments,  the  velocity  of  the  toe  only  was  determined. 


TABLE.  17-  VELOCITY  OF  WAVE  ~ I N ITI ALLY  EMPTY  CHANNEL 


Ex.  pi. 

No 

Slope 

of 

Flume 

Sc 

Velocity 

of 

Toe 

f  ps. 

Observed 

Crest 

Pepth 

dc 

Inches 

Com  pi ’d 
Crest 
Peptb 
,I44Q* 
5!^4 

Stable 

Depth 

dz 

Inches 

Ratio 

col.s 

col-  G 

floaty 

v2 

f.p.s. 

(0 

C2 ) 

C3J 

W 

(K> 

(4) 

LV 

Csj 

(B 

(loj 

(*»J 

169 

.00102 

1.338 

(a) 

1.245 

1.44 

0.865 

M3 

1.97 

3.10 

2.G5 

170 

V 

J.845 

ecu 

1.0GO 

Z.2G 

.823 

1.40 

2.4G 

3.86 

3.30 

179 

u 

1.960 

(a-i 

I.73G 

2.30 

.754 

1.41 

2.49 

3.30 

3.34- 

171 

it 

2.257 

la.) 

2130 

3.03 

.723 

1.55 

2.8G 

4.41 

3.79 

IZ3 

.00392 

J.678 

1.320 

I.2SO 

1.37 

^  (b 
.903 

1.52 

1.32 

3.44 

2.83 

83 

.00730 

2.125 

1.02 

.890 

l.OZ 

{b 

1-000 

I.8G 

1.G5 

3.51 

2.77 

99 

// 

Z.G74 

1.44 

1.320 

1.55 

.930 

2.35 

204 

4.33 

3.45 

KG 

.00790 

2.5G2 

J.538 

1.375 

J.57 

.380^ 

2.2  S' 

2.05 

4.30 

3.40 

105 

.O073S 

3.253 

2.020 

I.G60 

2.00 

(p 

1.010 

272 

232 

5.04 

3.35 

103 

t* 

3.870 

2,952 

2.595 

2.38 

ip 

390 

3-37 

2.83 

€.20 

4.85 

Averaqe  Z.3G 


AX\ 


(a)  lime  of  wave  only  measured. 

(b)  001.4/ col.  6 


Z2G 


3.43 
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For  the  flatter  slopes  the  observed  velocities  are  less*  and  for 


the  steeper  slopes  greater,  than  ygclg^  This  indicates  that  the 
stable  velocities  affect  the  velocity  of  the  wave  front  or  toe.  The 
wave  velocities  arc,  however,  less  than  cither  Vg  "WgdT  or  v  + 

v  c,  X 


—  ySc'0  as  given  by  the  Bazin-Darcy  formula.  Evidently  the  velocity 
of  the  toe  of  a  wa vo  traveling  down  an  initially  empty  channel  is 
some  function  both  of  "Vs^g  and  v^  and  is  not,  as  has  commonly  been 


supposed,  limited  to  a  value  never  exceeding  ygdg . 

5 

Jeffreys  has  concluded  that  wave  trains  in  shallow  channels 
may  travel  with  a  maximum  limiting  velocity  of  2  '^/gdg. 

The  physical  explanation  of  Jeffreys1  analytical  results  seems 
to  be  that  the  maximum  velocity  for  uniform  flow  in  a  channel  is 
"\Zgd?  but  that  a  wave  train  may  ride  superposed  on  such  flow  and 


with  a  velocity  "Vgd  relative  thereto,  so  that  the  actual  velocity 
of  the  wave  train  relative  to  the  earth  would  be,  as  a  maximum  limit, 

u  =  2  Vs^2« 

It  is  probably  true  that  an  unsupported  solitary  wave  in  an  otherwise 


empty  channel  could  not  travel  with  a  velocity  exceeding  "^/gdn ,  but 
in  the  case  to  which  the  author’s  experiments  apply,  namely,  the 
introduction  of  a  constant  rate  of  flow  into  an  initially  dry  channel, 
the  resulting  wave  front  or  bore  is  not  unsupported.  Apparently  the 


bore  can  travel  of  itself  at  a  velocity  VS^g  and,  in  addition,  it 
may  bo  pushed  along  by  the  water  which  is  continually  accumulating 


Jeffreys,  Harold.  The  flow  of  water  in  an  inclined  channel  of 
rectangular  section,  Phil.  Mag.,  sor.  6,  vol.  49,  pp.  793-803. 
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behind  it,  so  that,  under  conditions  where  channol  friction  overbalances 
the  pushing  effect  of  the  water  behind  the  boro,  the  velocity  of  the 
bore  front  in  a  dry  channel  nay  be  sonewhat  less  than  'Sj gd^ }  whereas 
if  the  slope  is  sufficiently  steep  and  the  conditions  such  that  the 
pushing  effect  of  the  water  behind  the  bore  exceeds  the  frictional 
resistance  at  the  wave  front,  the  velocity  of  the  wave  front  nay 
exceed  .  At  least,  this  physical  interpretation  affords  a 

consistent  explanation  of  the  results  cf  the  author's  experiments 
and  points  to  lines  of  further  experiment,  which  it  is  hoped  nay  lead 
to  a  definite  solution  of  this  important  problem* 

INSTANTANEOUS  SHUT-D0T7N  -  The  converse  of  the  preceding  ease 
occurs  when  the  flow  into  a  channel  is  instantly  shut  down*  The 
question  then  arises,  how  long  before  the  first  effect  of  the  shut¬ 
down  will  be  felt  at  a  given  point  downstream.  Experiments  with 
i ns t ant ane ous  complete  shut-down  arc  given  in  table  18.  In  this  ease 
it  seems  obvious  that  the  first  effect  will  travel  downstream  with 
a  velocity  equal  to  the  sum  of  the  initial  velocity  plus  ygd-^,  and 
the  experiments  confine  this  conclusion. 
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Tabic  18  -  Instantaneous  complete  shut-down 


Experi - 
ment 
Number 

Slope 

of 

Flume 

Initial  Condition 

Final 

depth 

u 

Vsdi 

Vsdl+v1 

dl 

A 

V1 

01 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) 

s 

erics  C  - 

- , - 

Open  end 

3.14  i 

134 

0.00392 

1.20 

0.070 

1.49 

0 

3.58 

1.79 

3.28 

Scries  B  - 

Open  end 

93 

0.00736 

1.28 

0.108 

2.16 

0 

4.09 

1.86 

4.02 

104 

Tt 

1.58 

0.140 

2.27 

0 

4.83 

2.06 

4.33 

106 

It 

2.05 

0.211 

2,63 

0 

5.15 

2.34 

4.97 

110 

U 

3.02 

0.390 

3.30 

0 

6.08 

2.85 

6.15 

1 

Actual  u  uncertain,  within  these  limits. 


RELATION  OF  WAVE  VELOCITIES  FOR  WAVES  SUBJECT ,  RESPECTIVELY,  TO 
MOMENTUM  CONTROL  AND  CHANNEL  FRICTION  CONTROL  -  One  purpose  of  these 
experiments  has  been  to  discover  lines  of  further  research  on  channel 
vraves  which  would  be  most  likely  to  lead  to  useful  results.  It  has 
been  shown  that  the  Koch  and  Carstanjen  equation  when  applied  to  the 
author's  experiments  gives  results  generally  within  a  few  percent 
of  the  observed  velocities.  Taking  the  averages  of  all  the  experi¬ 
ments  on  a  given  type  of  wave,  the  difference  between  the  observed 
and  calculated  velocities  is  positive  for  some  groups,  negative  for 
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others.  Considering  positive-  waves  only  table  14  shows  the  follow¬ 
ing  relation  of  observed  velocity  of  the  toe  of  the  wave  to  velocity 
calculated  by  Koch  and  Carstangon’s  formula: 


Instantaneous  increment 

1.002 

Gradual  " 

0.959 

Triangular  waves - 

Stable-  depth 

0.932 

Crest 

0 . 945 

Rectangular  waves 

1.121 

The  observed  and  calculated  velocities  are  nearly  identical  for 
instantaneous  increment  waves,  and  this  is  the  ease  for  which  the 
formula  used  is  derived  and  to  which  it  should  be  most  strictly 
applicable . 

The  final  depths  used  in  calculating  velocities  arc  the  stable 
depths  in  all  eases  except  the  computation  labeled  "Triangular  waves  - 
Crest  depth.”  For  gradual  increments  and  triangular  waves  the  lower 
relative  velocities  strongly  imply  the  effect  of  channel  friction  in¬ 
creasing  as  the  wave  length  increases. 

Somewhat  similar  results  follow  from  a  comparison  of  observed 
velocities  with  those  calculated  by  the  Bazin  and  Darcy  formula, 
although  less  consistent  than  by  the  Koch  and  Carstanjen  formula. 

The  anomalous  result  for  rectangular  waves,  i.c,,  observed  higher 
than  computed  velocity,  holds  true  whether  the  velocity  ratio  is 
computed  for  observed  crest  velocity  or  observed  velocity  of  wave  front 
(too),  and  also  occurs  for  all  the  formulas.  It  also  holds  in  spite 
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of  tho  fact  that  the  calculated,  velocities  are  based  on  stable  depths, 
dg,  -whereas  initially  rectangular  -waves  were  quickly  transformed 
into  triangular  waves  in  the  experiment  channel* 

The  experiments  on  rectangular  waves,  while  apparently  consistent 
among  themselves,  were  performed  in  a  level  channel  where  variations 
of  depth  due  to  back-water  and  drop-down  curves  occurred.  This  condi¬ 
tio:;  and  tho  rapid  transformation  of  wave  form  may  have  affected  the 
validity  of  the  results,  h/hilo  rectangular  waves,  although  quickly 
transformed  into  triangular  waves,  have  more  abrupt  wave  fronts  then 
waves  initially  triangular  in  profile,  still  the  wave  front  is  not 
more  abrupt  than  that  of  instantaneous  increment  waves.  The  fact  that 
rectangular  waves  showed  relatively  higher  velocities  than  any  other 
form  covered  by  the  experiments  leaves  the  validity  of  this  series 
of  experiments  somewhat  in  doubt. 

Presumably  channel  friction  effects  increase  with  wave  length. 

In  the  author’s  experiments,  with  gradual  increase  or  decrea.se  of 
discharge,  and  with  triangular  and  rectangular  waves,  the  wave  length 
did  not  in  general  exceed  1,000  to  2,000  times  the  wave  height.  In 
case  of  natural  flood  waves  in  stream  channels,  tho  entire  wave  length 
is  seldom  in  the  stream  channel  at  one  time.  The  true  wave  length, 
i.o.,  the  distance  from  the  toe  of  the  wave  to  the  heel  at  the  time 
when  the  normal  flow  is  restored  at  the  head  of  the  drainage  basin, 
as  it  would  be  if  the  wave  was  confined  in  a  continuous  channel, 
would  then  be  1-1/2  to  2  or  more  times  the  total  channel  length. 
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Assuming,  for  purpose  of  illustration,  a  wave  length  equal  to  the 

channel  length,  then  even  for  a  20-foot  rise  in  a  channel  100  miles 

100  miles 

long,  the  ratio  of  wave  length  to  wave  height  would  he  “l>o~l?cet~  or 
about  25,000. 

The-  fact  that  Forchcimcr's  formula  gives  nearly  the  correct 
velocity  for  rectangular  waves  is  somewhat  surprising  hut  may  be 
merely  accidental.  Forcheimcr's  formula,  if  applicable  at  all  to 
waves  such  as  those  covered  by  the  experiments,  should  apply  best  to 
triangular  waves  with  velocities  computed  in t erms  of  crest  depths. 

For  this  typo  of  wave  the  ratio  of  the  observed  velocity  to  that 
given  by  Forcheimer’s  formula  is  0.814,  and  if  computed  in  terms  of 
stable  depths,  the  ratio  of  the  observed  velocity  to  that  given  by 
Forcheimcrfs  formula  is  1.62.  Since  these  experimental  waves  appar¬ 
ently  were  not  of  sufficient  length  to  be  subject  wholly  to  friction 
control,  close  agreement  between  the  observed  velocities  and.  those 
given  by  Forchcimer’s  formula  is  not  to  be  expected. 

These  results  point  directly  to  the  need  of  additional  experi¬ 
mental  data  on  a  uniform  channel  of  sufficient  length  so  the.t  experi¬ 
ments  can  be  carried  out  on  waves  having  lengths  relative  to  their 
height  corresponding  to  those  of  natural  flood  waves  in  river  channels. 
The  practical  difficulty  of  such  experiments  a.riscs  obviously  from 
the  great  length  of  channel  required.  However,  there  appears  no  other 
way  to  evaluate  the  laws  of  flood  movement  in  the  wide  range  of  cases 
intermediate  between  that  of  waves  subject  directly  to  momentum  control 
and  that  of  waves  subject  exclusively  to  channel  friction  control. 
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CONCLUSIONS  -  These  experiments  point  to  the  following  conclusions: 

1,  Increment  waves  in  the  experimental  channel  were  little  affected, 
by  channel  friction  and  their  velocities  are  quite  accurately  given 

by  the  momentum  equations,  particularly  the  Koch- Car  stall  j  cn  equation, 
and  a  little  less  accurately  by  the  Bazin-Darcy  and  Leach-King  equations, 

2,  For  a  gradual  rise  or  for  triangular  waves,  the  observed 
velocities  fall  below  the  calculated  velocities  based  on  stable  depth. 

The  difference  increases  as  the  ratio  cf  wave  length  to  wave  height 
increases,  indicating  an  increasing  effect  of  channel  friction  with 
increasing  wave  length, 

3,  It  seems  probable  that  the  effect  of  channel  friction  varies 
as  a  function  of  the  ratio  of  wave  length  to  wave  height  and  also  as 
some  function  of  the  ratio  of  the  hydraulic  radius  to  the  wave  height, 

4,  The  existing  momentum  formulas  do  not  give  as  good  results 
applied  to  decrement  waves  as  'when  applied  to  increment  waves.  This 
difference  is  probably  related  to  the  fact,  pointed  out  by  Bazin  and 
Darcy,  that  decrement  waves  never  occur  singly  but  arc  followed  by 
trains  of  secondary  waves ,  Little  evidence  of  this  effect  was  noted 
in  the  author’s  experiments, 

5,  There  is  a  wide  range  of  conditions  from  those  of  pure  momentum 
waves  to  those  of  long  waves  subject  exclusively  or  chiefly  to  friction 
control.  Existing  formulas  apply  well  to  the  former.  The  only  avail¬ 
able  formula  applicable  to  waves  subject  to  friction  control  is  that 

of  Fcrcheimer,  ’Yhile  Forchoinor’s  formula  apparently  applies  well 

n 

Fcrcheimer,  Philipp.  Vjatcr  movement  in  t  rails  1  at  cry  waves  (Gor. ), 

Zoit.  fttr  Gow&sscrkundc,  v< 1?  6,  part  6,  pp.  321-339,  1904, 
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to  the  author’s  experiments  on  rectangular  vraves,  if  the  computation 
is  ba.sed  on  stable  depths,  it  is  much  less  satisfactory  in  case  of 
triangular  waves,  to  which,  apparently,  it  should  apply  best,  end 
much  further  experimental  work  is  needed  since  it  is  evident  that  there 


is  no  sharp  line  of  dema.rco.tion  between  momentum  waves  and  waves  sub¬ 


ject  to  friction  control.  For  intermediate  cases  the  wave  velocity 
may  partake  of  both  and  lie  between  the  values  given  by  the  formulas 
for  the  two  cases.  Natural  river  flood  waves  are  approximately  tri¬ 
angular  waves  but  usually  with  a  much  greater  ratio  of  wave  length 
to  wave  height  than  in  the  case  of  tho  triangula  r  waves  covered  by 
the  author’s  experiments, 

6.  The  author’s  experiments  and  those  of  Bazin  and  Darcy  show 
that  both  impulse  and  increment  and  decromcnt  waves  in  still  water 
have  tho  same  velocities,  and  that  the  velocity  is  given  accurately 


by  the  momentum  equation,  u 


7.  The  experiments  show  that  an  instantaneous  increment  wave 
tra.vels  down  an  empty  channel  with  a  velocity  which  is  not  precisely 


channels  with  flat,  and  grea.tcr  with 


channels  with  steep,  slopes, 

8,  The  experiments  also  show  that  when  tho  inflow  to  a  channel 
is  abruptly  shut  off,  the  velocity  with  which  the  first  effect  is 
transmitted  downstream  is  given  accurately  by  the  equation  u  =  v^  + 


within  the  limits  of  the  cases  covered  by  the  experiments. 
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9.  Aii  experiment  is  given  which  clearly  illustrates  the  char¬ 
acteristics  of  alternating  waves  in  case  of  emptying  a  reservoir  and 
it  is  shown: 

(a)  That  the  layers  of  water  stripped  successively  off  from  the 
reservoir  surface  are  not  uniform  but  there  is  a  layer  of  minimum 
thickness  at  some  particular  depth  of  draw-down, 

(b)  If  the  water  is  of  sufficient  depth,  the  outflow  rate  remains 
constant  while  a  given  wave  is  traveling  from  the  outlet  to  the  head 

of  the  reservoir  and  back,  and  changes  by  definite  quanta  for  each 
complete  wave  circuit.  For  shallower  depths  the  regimen  of  outflow 
by  alternating  waves  gradually  breaks  down,  approaching  a  condition 
of  a  sloping  water  surface  in  the  reservoir  and  a  uniformly  decreasing 
outflow  rate,  as  in  the  case  of  ordinary  hydraulic  flow, 

10,  rfhile  those  arc  probably  the  most  comprehensive  experiments 
thus  far  performed,  only  one  size  and  length  of  channel  was  used,  and 
perhaps  the  most  useful  service  rendered  by  those  experiments  is  to 
call  attention  to  the  need  of  additional  experiments  covering: 

(a)  All  the  types  of  waves  here  considered, 

(b)  Experiments  with  several  channesl  of  increasing  cross- 
section,  so  that  the  ratio  of  hydraulic  radius  of  channel  to  wave 
height  may  be  used  as  a  controlled  independent  variable  in  evaluating 
the  effect  of  channel  friction, 

(c)  Experiments  on  waves  having  a  range  of  ratio  of  wave  length 
to  wave  height,  covering  all  cases  from  instantaneous  increment  waves 
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to  waves  having  ratios  of  length  to  height  of  the  sane  order  as  in 
natural  river  channels. 

(d)  It  seems  advisable  in  future  experiments  to  start  with  a 
channel  of  small  cross-section  but  of  much  greater  length  than  that 
used  in  the  author’s  experiments*  This  is  apparently  necessary  in 
order  to  obtain,  within  practicable  limits,  waves  subject  mainly  to 
friction  control.  Larger  channel  sections  and  shorter  channels  may 
then  bo  used  progressively  in  covering  the  transition  from  friction 
waves  to  momentum  waves# 


